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CHAPTER I
INTRODUCTION
Production of discrete goods or products that are traded in integer units has
become increasingly competitive (Hay, 2003). Some examples of discrete goods are
trains, cellphones, cars, etc. Requirements to become a global player in this market are
demanding about quality, responsiveness and particularly variety (ElMaraghy H., 2013).
In order to be strong players in this highly competitive market, organizations require the
support and use of efficient tools throughout the life-cycle of the product (Simpson,
Siddique, & Jiao, 2006), (Wognum & Smith, 1996).
Mass-customization (MC) is a strategy-trend in the consumer markets for offering
more variety while maintaining mass-production efficiency (Pine, 1993), (Hvam,
Mortensen, & Riis, 2008). MC brings some benefits for customers like individually
customized products (Nielsen, 2014), as well as benefits for companies like low leadtime, shorter processing time, decreased complexity and risks (Thevenot & Simpson,
2006). Organizations base their products in some pre-defined features and components
that when combined in a configurator (which is a software tool that contains all variants)
are the base for creating new products and increase variety offered in the markets at
reasonable costs (ElMaraghy H., 2013) (Hvam, Mortensen, & Riis, 2008). One example
of this can be the selection of computers in the internet stores, where a customized laptop
is created based on a set of predefined features and components like CPU, memory,
1

screen sizes, hard drive capacities etc. by using an internet based configurator (Nielsen,
2014). There are important advantages for adopting MC but the implementation is
difficult because the production approach is fundamentally different than mass
production (Nielsen, 2014).
Production strategies for MC have been classified as Made to Stock (MTS), Made
to Order (MTO), Assembled to Order (ATO), and Engineered to Order (ETO) (Bonev,
2015). MTS is used when variety is reduced but the efficiency for producing goods is
high due to low variation (Bonev, 2015). Some examples of MTS are smart-phones,
furniture, clothes etc. MTO and ATO are strategies used for producing highly
configurable products to meet customer specifications (Bonev, 2015); with these
strategies variability is increased, product builds are based on customer’s selection
preferences of predefined components (Bonev, 2015), such as computer orders mentioned
before. ETO strategies are for highly customized products in which the engineering for
making or building the product is provided for each customer’s order (Bonev, 2015);
buildings, factories, power transformers, dams, and prosthetics are examples of ETO
products or projects.
In order to support the implementation of MC by using MTO, ATO or ETO
strategies, and increase productivity with optimal use of resources, Product Lines
Engineering (PLE) and Computer Aided Design (CAD) research fields have produced a
significant amount of tools, methodologies, and frameworks that enable in practice the
implementation of MC. PLE also known as Product Family Design PDF is focused in
aligning the increased variety offered with the effective use of resources and cost
(Pirmoradi, Wang, & Simpson, 2014). The use of common components for making
2

different products (i.e. standardizing components) reduce production costs, but too much
“commonality” penalizes product distinctiveness or “differentiation” (Pirmoradi, Wang,
& Simpson, 2014). Two important PLE concepts are Product Family and Product
Platform. Product Family is defined by (McGrath, 1995, p. 39) as "a collection of the
common elements, especially the underlying core technology, implemented across a
range of products"; and Product Platform is defined as "the collection of assets [i.e.,
components, processes, knowledge, people and relationships] that are shared by
a set of products" by (Robertson & Ulrich, 1998, p. 20), (ISO/IEC 26550, 2015).
3DCAD Software allows reducing product design time for mass-production
(Siddique & Boddu, 2005). (Alcaide Marzal, Diego Más, & Artacho Ramírez, 2004)
mention that around 80% of the activities done when designing a product are
modifications to an existing design. ETO products can be benefited of 3DCAD tools by
the creation of virtual product-platforms for enabling the interactive creation of products
(product families); some characteristics of this approach include 3D visualization,
multiple assembly of parts, associativity along product lifecycle (i.e. Analysis,
manufacture, simulation, etc.), concurrent design, and fundamentally the existence of a
virtual model that includes not only geometry but all sorts of information (i.e. price,
instructions, statistics, calculations, BOM, manufacturing info, processes info, etc.).
1.1

ETO process from 3 approaches
The detailed process of ETO products has been described by many authors;

(Hvam, Mortensen, & Riis, 2008) explain in detail the process for a company that makes
cement plants; (Chavarriaga, Rangel, Noguera, Casallas, & Jonckers, 2015), and (Pandit
& Zhu, 2007) describe the process for the production of Power transformers which are a
3

typical ETO product; (Bonev, Hvam, Clarkson, & Maier, 2015) describes the ETO
process for the production of bespoken two-stroke diesel engines, and mentions how the
creation of variants for this product is pulled from a set of customer requirements while,
compared to MTO where the created product-variation is pushed to the market. Figure
1.1 row A describes a simplified representation of the first approach to ETO production
process; this is the most conventional approach to PLE (Meyer and Lehnerd (1992, P2)),
sometimes referred to as “single-systems engineering management” (ISO/IEC 26551,
2016). Initially the company has a portfolio of products from where the customer makes a
Request for Quotation RFQ; sales group derive a clear set of requirements and creates
jointly with engineering team, an offer (in some ETO companies the amount of offers
demand the creation of special engineering group for orders), once the offer is submitted
to the customer an order is finally placed for the production of the goods; then a set of
requirements is confirmed and developed based on the initial requirements offered in the
quotation stage, this process is usually done between a project manager, the customer and
internal stakeholders, a general outline is discussed and approved by the customer;
afterwards and usually by releasing a Quality Gate, the design detailing continues as
indicated in the reference life-cycle, then released for production where all components
are purchased, made, assembled, and the final product delivered; this process is repeated
for each and every order.

4

Figure 1.1

ETO Process from 3 approaches

In order to rationalize efforts, and based on concepts from Product Lines
Engineering (PLE) (ISO/IEC 26550, 2015), the companies decide to create a platform for
making the products (Hvam, Mortensen, & Riis, 2008); Row B of Figure 1.1 depicts this
process, in this new scenario, the customer jointly with the sales personnel confirm the
desired product needs from a tool named “the configurator” that has all main features that
a product could have and that have been engineered before-hand in the configurator.
Customer places the order in the configurator, and receives from the same tool, and
5

possibly instantaneously the outline and the required documentation of the product; the
configurator by itself releases the product concept to production for making or realizing
the components and the final product. As can be seen in this approach, engineering was
separated from the “order” process, and moved to another “layer or tier” which is
indicated in the figure below the dashed line L1 and named “Platform Level 1”, this
strategy brings more speed to the process, also, quality is maintained and engineering
now has a more strategic role on the entire production landscape; main engineering
functions are now focused on the creation of the “domain” (ISO/IEC 26550, 2015). The
drawback of this approach is that in order this to happen, engineering has to create the
model that includes all options or allows for the dynamic configuration of the product via
the configurator by the Customer or the sales team, so the work for engineering is more
complex due to the fact that the team not just should create a model but also consider all
possible variations (with all implications in the life-cycle) (ISO/IEC 26550, 2015), and
this process is repeated for each required product platform. (Hvam, Mortensen, & Riis,
2008) explain an example of this type of companies by means of a company that produce
ETO doors.
The row C of the Figure 1.1 depicts an overview of the third approach in action.
In this new scenario, the creation of the product platform is done by the selection of two
types of components: Smart Configuration Processes, and Smart Objects, which are
created in a second abstract “layer-tier” that in the figure is indicated below the dashed
line L2 and named “Assets Level 2”. Engineering and R&D groups focus their efforts in
creating the comprehensive components, processes and rules that allows for the easy and
fast creation of variant models (product platforms). The components of the tiers L2 and
6

L1 are encapsulated in a box that in the figure are indicated with a pale-blue color and
represent the basic elements of the framework proposed. Some examples of this type of
approach can be the programming languages when used with a Software Product Lines
Engineering (SPLE) approach, or technologies designed to be platforms for creating
platforms or products (e.g. .NET, Java, etc.).
As of the three types of ETO organizations (ISO/IEC 26551, 2016) explained in
this section, clearly the last one (row C) is more focused in high productivity, so if the
market demands for a big variety of products, the ability to create stable platforms
becomes very important. It is desirable to know how agile an organization is for creating
3DCAD platforms; there should be appropriate metrics for evaluating this ability, and the
obtained scores could be used for improving the processes towards a desired
organizational objective.
1.2

Related literature
From the explained approaches to ETO products, the third one shows great

flexibility and is based in the 3 research fields: PLE, CAD, and ETO. Then, in order to
find the appropriate metrics for assessing the ability of organizations for creating 3DCAD
platforms for ETO products, a literature exploration was conducted with the objective of
finding metrics and a clear description of the processes involved in the creation of
“3DCAD platforms for ETO products” (expression that encapsulates the 3 research
fields). An article was prepared with the findings and the processes described here, and
main parts of the article are presented verbatim next.
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1.2.1

Statement of the problem (Literature Review)
From the two research fields presented before, PLE approach is focused in

architecting and modelling the products from a holistic perspective for increasing the
variety (variety management), while CAD in capturing, planning, representing, and
transmitting the product knowledge; the work presented in this article lies in the
connection of these two research fields and its application to the creation of 3D CAD
Platforms for ETO products.
The process for creation of CAD platforms for ETO products that are based on the
PLE concept should be clearly understood by the organizations facing this type of
approach; hence there is need for tools that allow completely describing the process as
well as consistent metrics for assessing the performance and the maturity of the
organization for creating CAD platforms. The tools should also be offered in a practical
manner for easy application of the concept in industrial world.
1.2.2

Objective (Literature Review)
Objective of this paper is to explore in literature for process-description and

metrics for assessing the performance and the maturity of the organizations for creating
automated 3DCAD platforms for ETO products. One representation of the 3 research
fields as a Venn diagram is shown in Figure 1.2; the larger set represents the universe of
existing metrics and process descriptions for discrete products and is labeled as
“metrics”; the set that represent the metrics and process descriptions for products created
with PLE approach is labeled as “PLE”; CAD/PLM set represent the group of objects
(specifically metrics and process-descriptions) that are typically represented in 3DCAD
tools; and ETO set englobes all metrics and process descriptions for ETO products and
8

projects. Intersection 7 represents the main focus of the literature review, these are
metrics for ETO Products created with the PLE perspective on 3D CAD tools, but
intersections 1 to 6 will also be explored in order to look for process-descriptions and
metrics that can be adapted to the intersection 7.

Figure 1.2

1.2.3

Research fields and intersections.

Hypotheses and Research Questions (Literature Review)
A comprehensive set of process- description-and-metrics (dependent variable) for

assessing the performance and the maturity of the organizations for creating automated
3DCAD platforms for ETO products will be found in literature and in the CAD Software
documentation (independent variables).
The hypothesis can be clarified by these questions:


What are the components (objects and processes) that define the process
(connector between PLE and CAD for ETO products)?



How can the components and their relationships be represented and
classified for clarity?
9


1.2.4

What are the metrics for these processes and objects?

Method
The paper explores for the set of activities that connect PLE and CAD in the

context of discrete ETO products. Two challenges are identified, the description of the
components, and the collection and classification of metrics for that connection that was
identified as the intersection 7 in Figure 1.2. A literature review was done in order to find
components as well as metrics by searching in databases (google, google scholar,
EBSCO, SCOPUS) for articles and books containing the subjects or keywords: PLE,
SPLE, Product Family, Mass Customization, commonality, modularity, Design Process,
Metrics, Product Architecture, CAD, KBE, TDD, ETO, MTO, ATO, CBR, AI, OO
Design, and Reuse. Some other keywords were added based on the first papers collected;
this activity is the step 1 (initial Article Selection) of the process described in Figure 1.3 Literature Review Process, around 140 references were collected (books, dissertations,
Journal papers, presentations, and web references); during the second step, the articles
were filtered by selecting those with more than 0 citations, those that were related to the
research fields of the objective (including: Variety, commonality, reuse, KBE, CAD,
CBR, AI, TDD, Skeleton, MDO, lifecycle, Design Process. And excluding articles that
are not related to the architecture and representation of the product) , and those with
practical examples (Around 60 references). During step 3 the references were classified
according the description of processes, and metrics, in the scope of the paper (as
explained in fig1), and for all 3 research fields (PLE, CAD, ETO). Step 4 is the
presentation of results and discussion as follows in the next sections of the article.
10

Figure 1.3

1.2.5

Literature Review Process

Results (Literature Review)
Literature results are classified according with the taxonomy shown in Figure 1.4

Figure 1.4

1.2.6

Literature Review Taxonomy

Processes description for the research field. (Literature Review)
Literature shown in this section is related to processes description on each one of

the research fields proposed (ETO, PLE, and CAD).
11

1.2.6.1

ETO related literature – Processes Description
Description of the creation and configuration of ETO products is discussed by

some authors; a traditional and comprehensive approach of the design process is
presented in chapter 4 by (Pahl, Beitz, Feldhusen, & Grote, 2007), but the variety and
CAD issues are not the central objective of this book, so can be classified in intersection
1 of Figure 1.2 – Research Fields and Intersections. (Alcaide Marzal, Diego Más, &
Artacho Ramírez, 2004) present the design process also from a traditional perspective
with good emphasis on the up-front issues of design process, concepts are applied in the
development of a stroller; the book includes an approach to CAD use, but the PLE
approach is not included, so it can be classified in the intersection 5 of Figure 1.2 –
Research Fields and Intersections. (Hvam, Mortensen, & Riis, 2008) explain in detail the
process for a company that makes cement plants, as well an example for creating
configurable doors, this book explores the processes from two perspectives, ETO and
PLE leveraged on the support of a configurator, so can be classified in the intersection 4
of Figure 1.2 – Research Fields and Intersections, nonetheless CAD issues are not treated
in deep. (Chavarriaga, Rangel, Noguera, Casallas, & Jonckers, 2015), and (Pandit & Zhu,
2007) describe the process for the production of Power transformers which are a typical
ETO product; the process description of these articles can be classified in intersection 4.
(Bonev, 2015) describes the ETO process for the production of bespoken two-stroke
diesel engines, and mentions how the creation of variants for this product is pulled from a
set of customer requirements while, compared to MTO where the created productvariation is pushed to the market; the example mentioned by (Bonev, 2015) classifies also
in the intersection 4 of Figure 1.2 – Research Fields and Intersections. Additional
12

literature related to process-description and ETO products is shown in Figure 1.5. First
column corresponds to the reference as it appears in bibliography; the second column
contains a brief description of the contents of article or book and some keywords for
classifying the reference. The column marked with P indicates the references whose
content is related to processes description of ETO products, and are marked with “X”;
references marked with “X” in the column M describe also content related to metrics for
ETO products. Next 3 columns marked with “ETO, PLE, and CAD” indicate which
research fields the reference is related to. Finally, the column marked as “zone” indicates
the classification of the bibliographic reference in the intersection presented in Figure 1.2
– Research Fields and Intersections.

Reference

P

M

ETO

CAD

Zone

Adkins, 2003

Subject and Keywords
Top-Down-Design process creation for CAD tools. Introduce the need of 2 metrics (TDD Quality, and TDD
Integrity). Keywords: TDD, Reuse, KBE, CAD, ProE
Design process explanation for industrial products from a conventional perspective. Emphasis in Planning and
Alcaide Marzal, Diego Más, & Ideation processes. Discuses CAD use and applications. Design example of a Stroller. Keywords: Design
Process, Ideation, CAD, QFD, TRIZ.
Artacho Ramírez, 2004
Propose a framework for reusing Engineering design knowledge, based on product information and not in
Baxter, et al., 2007
geometry. Keywords: Design Knowledge reuse, Knowledge management, PLM
Doctoral Dissertation that includes a research on 18 companies about product architecture of ETO products.
Proposes an empirical model for improving architectures of ETO products- Integrated Design Model IDM. Establish
bases for a future research on this field. Keywords: ETO, PLM, Architecture, IDM.
Bonev, 2015
Explains the use of Case Based Reasoning CBR for solving individaul parts of complex problems. Presents an
Cederfeldt, 2006
example of car Rack Brackets. Keywords: CBR, Design Automation, Solution Strategy, Variant Design.
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Chavarriaga, Rangel, Noguera,
Casallas, & Jonckers, 2015
Hay, 2003
Hvam, Mortensen, & Riis,
2008
Lowe & Hartman, 2011

Martin & Ishii, 2002
Pahl, Beitz, Feldhusen, &
Grote, 2007

Pandit & Zhu, 2007
Rathnow, 1993
Simpson, Siddique, & Jiao,
2006

Tarkian, 2012

Figure 1.5

Describe ETO process for Power Transformers. Explain the approach used for implementing PLE in an industrial
process. Keywords: ETO, PLE
Explanation of Markets and definitions of production strategies like MTO, ETO, ATO.
PLE concepts. Practical methodology for PLE from the entire life-cycle of the product. Example of customizable
doors. Example for complicated engineering projects (cement plants). Keywords:
Explains the need for better use of existing commercial software. Use of KBE tool in CAD for reducing repetitive
tasks. Example of design of turbine blades. Keywords: CAD, PLM, KBE, Turbines, NX.
Step-by-step method (Design for Variation DFV) for developing product platform architectures. Introduces 2 indices:
generational variety index (GVI), and coupling index (CI). Uses a water cooler example to illustrate the method.
Keywords: DFV,
Traditional comprehensive approach for product design based on experiences of the German Industry.
Paper identifies the information flow problems in ETO products. Proposes the use of ontologies for integrating
heterogeneous systems. Present a case study of transformer selection to test the proposed ontology. Kewords:
ETO, Ontology, Decision-Making, Business Process.
This paper focuses on the integrated management of variants for achieving the optimal product variety.
Basic definitions: Variety, mass production, commonality, definitions of product family, product platform, product
architecture. pros/contra of product lines. Approaches to PFD. Organization: Part1 front issues, Part2 on
optimization, Part3 backend issues, Part4 Industrial applications
Dissertation that explains the need of MDO to address complex projects-products that involve differetn knowledge
domains. Introduces HLCTs as the enabler of optimization of MDO activities. Explain the necessity of a correct
mixing of automation and manual operations. Keywords: KBE, MDO, HLCT, Automation.
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Process Related Literature-ETO

Articles and literature that include processes description for ETO research field
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PLE

X

5

1.2.6.2

PLE related literature – Processes Description
Products of all types are being produced and offered in a growing amount of

variety, and some reasons for this increment are customer’s demands, regional
requirements, new technologies, strong competition, and regulations (ElMaraghy H.,
2013). (Rathnow, 1993) explains how there is a “healthy” amount of variety for each
product (i.e. if there is too low variation the customers will not satisfy their needs, but, on
the other hand if there is too much variation unwanted complexity will be increased and
in the same manner costs, so profitability is reduced). Simpson (Simpson, Siddique, &
Jiao, 2006) mentions that the companies try to increase the product variety while
reducing the components that conform the products, deriving the concepts of platforms
for achieving this goal. Halman et all (Halman, Hofer, & Vuuren, 2006) reflect on the
lack of practical approaches for application of the concepts of PLE in practice. Martin
(Martin & Ishii, 2002) proposes that in order to reduce design effort, the architecture of
the products should be constructed in a manner that is focused in incrementing the variety
while maintaining low production costs, and presents a practical example of the concept.
Hvam (Hvam, Mortensen, & Riis, 2008) presents a practical methodology for developing
products that includes many processes of the product-lifecycle, and present in a couple of
examples of the benefits of their proposed concept. (Simpson, Siddique, & Jiao, 2006)
book is a comprehensive collection of articles that span all lifecycle processes related to
PLE; Figure 1.6 summarizes the PLE collected literature that include processes
description.
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Reference

Bonev, 2015
Cederfeldt, 2006

Subject and Keywords
Doctoral Dissertation that includes a research on 18 companies about product architecture of ETO products.
Proposes an empirical model for improving architectures of ETO products- Integrated Design Model IDM. Establish
bases for a future research on this field. Keywords: ETO, PLM, Architecture, IDM.
Explains the use of Case Based Reasoning CBR for solving individaul parts of complex problems. Presents an
example of car Rack Brackets. Keywords: CBR, Design Automation, Solution Strategy, Variant Design.

Chavarriaga, Rangel, Noguera, Describe ETO process for Power Transformers. Explain the approach used for implementing PLE in an industrial
Casallas, & Jonckers, 2015
process. Keywords: ETO, PLE
Explains concepts related to variety and product variety management. Design, planning, production, and
ElMaraghy H., 2013
perspectives for Variety, Keywords: Manufacturing, Design, Variety.
Companies use PLE but there are differences between theory and practice. Three companies development
Halman, Hofer, & Vuuren,
processes are compared in the article. Reasons for implementation, methodology used, risks perceived,
2006
similarities and compliance to literature is analyzed.
Hvam, Mortensen, & Riis,
PLE concepts. Practical methodology for PLE from the entire life-cycle of the product. Example of customizable
2008
doors. Example for complicated engineering projects (cement plants). Keywords:
Explores the connection between PLE and PLM and their conceptual differences. Example using commercial tools
for explaining a bridge for connecting the two approaches. Keywords: Design, Economics, Management,
Krueger, 2015
Measurement, PLM, PLE, Aras Innovator, Big Lever, Tools, Integration.
Step-by-step method (Design for Variation DFV) for developing product platform architectures. Introduces 2 indices:
generational variety index (GVI), and coupling index (CI). Uses a water cooler example to illustrate the method.
Martin & Ishii, 2002
Keywords: DFV,
Pahl, Beitz, Feldhusen, &
Grote, 2007
Traditional comprehensive approach for product design based on experiences of the German Industry.
Pine, 1993
Book about the fundamental concepts of Mass Customization.
Literature review on platform-based product development, and product family design. Identify future research, as
Pirmoradi, Wang, & Simpson, well as challenges for PLE. Keywords: Literature, PLE, PFD, Platform, Commonality, Variety, Optimization,
2014
Reuse.
Rathnow, 1993
This paper focuses on the integrated management of variants for achieving the optimal product variety.
Structuring designs, storing them are basic components of a Design Reuse System. Presents a methodology
Shahin & Sivaloganathan,
for storing mechanical designs at their conceptual, embodiment and detailed stages for
2005
reuse. Computer implementation is also discussed. Keywords: reuse, Design Method, CAD
Present a MC-CAD framework to integrate the customer into the design. Example includes integration of different
Siddique & Boddu, 2005
tools with CAD in Background for creating bespoken Bicycles.
Basic definitions: Variety, mass production, commonality, definitions of product family, product platform, product
Simpson, Siddique, & Jiao,
architecture. pros/contra of product lines. Approaches to PFD. Organization: Part1 front issues, Part2 on
2006
optimization, Part3 backend issues, Part4 Industrial applications
This dissertation explores causal factors and performance outcomes for implementing a top-down approach to
platform product design. A model was proposed and tested with 249 product design managers. Explores different
Thomas, 2010
market factors that influence the DM towards Top Down approach for product Design.
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Process Related Literature-PLE

Articles and literature that include processes description for PLE research field
1.2.6.3

CAD/PLM related literature – Processes Description
Each part of the Product development process is materialized in a virtual

prototype on a 3D-CAD tool, and the automation is a key factor to increase productivity
and quality (Tarkian, 2012). Also Tarkian points the importance of geometry generated in
CAD for other engineering activities like CAE, CFD, and FEA; or activities in the
product life-cycle like Machining, Tooling design, BOM preparation, and integration
with MRP (Tarkian, 2012). Automation in the context of CAD/PLM tools is described as
a way to execute repetitive and tedious tasks with the help of the computers, and the term
coined for this topic is Design Automation (DA); some of the benefits of DA are the
increased process speed and the release of engineers to activities more related to
creativity (Tarkian, 2012). Some methodologies for efficient creation of models in CAD
15

has been developed and are important for taking full advantage of DA (such as re-use,
TDD, and KBE); design and knowledge re-use is a key component towards automation,
and is one of the big contribution of 3D CAD to speed-up product development (Camba,
Contero, & Company, 2016), in the context of CAD, re-use can be defined as the ability
to use existing geometry in different contexts or purposes (Camba, Contero, & Company,
2016), Top Down Design is an strategy for solving large problems (developing products)
that are conceived as a whole and then divided into smaller portions until it is totally
defined (Xiang Chen, 2011) (Adkins, 2003) (PTC, 1998). Lowe (Lowe & Hartman,
2011) explains how the resources of the CAD tools are not being exploited to the full
extent.
CAD tools have some features for supporting the PLE concepts, for example
family-tables, Skeleton models, interchange assemblies, and more sophisticated modules
for allowing design exploration and variety (PTC, 1998), but due to the complexity of
products and the mixture of domains (i.e. mechanical with embedded software) the
integration of both disciplines is difficult (Krueger, 2015). There is some literature
relative to this connection, (Siddique & Boddu, 2005) presents a framework that
integrates the customer in the mass customization process with the support of CAD for
generating a 3D model in real time, but the focus of the work is the integration of
customers in the configuration process. (Krueger, 2015) describes the conceptual
differences between PLM and PLE and suggest a possible solution with an application
example, but the focus is on the integration of PLE configurators and PLM tools. (Bonev,
Hvam, Clarkson, & Maier, 2015) explain a formal approach for design product families,
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but is not specifically focused in the CAD implementation. Some other examples can be
found in the literature and are summarized in Figure 1.7.

Reference

P

M

ETO

CAD

Zone

Adkins, 2003

Subject and Keywords
Top-Down-Design process creation for CAD tools. Introduce the need of 2 metrics (TDD Quality, and TDD
Integrity). Keywords: TDD, Reuse, KBE, CAD, ProE
Design process explanation for industrial products from a conventional perspective. Emphasis in Planning and
Alcaide Marzal, Diego Más, & Ideation processes. Discuses CAD use and applications. Design example of a Stroller. Keywords: Design
Process, Ideation, CAD, QFD, TRIZ.
Artacho Ramírez, 2004
Explain the need of Generic High Level Cad Templates or HLCT; which are flexible and robust configurable models
Amadori, Tarkian, Olvander, & suported on KBE for multidisciplinary Optimization MDO of engineering processes. Keywords: KBE, HLCT, MDO,
Krus, 2012
reuse,
Propose a framework for reusing Engineering design knowledge, based on product information and not in
Baxter, et al., 2007
geometry. Keywords: Design Knowledge reuse, Knowledge management, PLM
Analizes strategies for CAD reuse. Reduction of inter-dependencies. Sequence selection of the features.
Camba, Contero, & Company, Comparative evaluation of strategies. Test robustness and flexibility of models created. Resilient techniques.
Keywords: CAD reusability, Parametric modeling, Modeling methodologies, Design Intent.
2016
Explains the use of Case Based Reasoning CBR for solving individaul parts of complex problems. Presents an
example of car Rack Brackets. Keywords: CBR, Design Automation, Solution Strategy, Variant Design.
Cederfeldt, 2006
Explores the connection between PLE and PLM and their conceptual differences. Example using commercial tools
for explaining a bridge for connecting the two approaches. Keywords: Design, Economics, Management,
Krueger, 2015
Measurement, PLM, PLE, Aras Innovator, Big Lever, Tools, Integration.
Knowledge based Engineering Discussion, definitions, effectiveness in capturing and re-using engineering
knowledge to automate large portions of the design process. List of recommendations and expectations for the
La Rocca, 2012
KBE systems of the future is provided. Keywords: KBE, Rule Based Design, Engineering Design.
Explains the need for better use of existing commercial software. Use of KBE tool in CAD for reducing repetitive
Lowe & Hartman, 2011
tasks. Example of design of turbine blades. Keywords: CAD, PLM, KBE, Turbines, NX.
Top-Down Design Task guide is a tutorial-manual for describing the PTC's Pro/Engineer capabilities for creating
PTC, 1998
product with the TDD Methodology.
Structuring designs, storing them are basic components of a Design Reuse System. Presents a methodology
Shahin & Sivaloganathan,
for storing mechanical designs at their conceptual, embodiment and detailed stages for
2005
reuse. Computer implementation is also discussed. Keywords: reuse, Design Method, CAD
Present a MC-CAD framework to integrate the customer into the design. Example includes integration of different
Siddique & Boddu, 2005
tools with CAD in Background for creating bespoken Bicycles.
Dissertation that explains the need of MDO to address complex projects-products that involve differetn knowledge
domains. Introduces HLCTs as the enabler of optimization of MDO activities. Explain the necessity of a correct
Tarkian, 2012
mixing of automation and manual operations. Keywords: KBE, MDO, HLCT, Automation.
Review of Knowledge Based Engineering literature. 50 refereces are analized. Identifies Theory and research
Verhagen, Bermell-Garcia,
issues. Findins include: need for methodological approach, knowledge traceability, need for quantitative framework
Dijk, & Curran, 2012
to assess viability and KBE success; identifies the opportunity of MC.
Discuse the rationale behind design reuse. Define criteria and components of the reuse process and knowledge
Wognum & Smith, 1996
representation. Keywords: reuse, KBE, Retrieval Adaptation, AI.
Explain the needs for next generation of top down design tools. Integrated multi-level assembly is explained. TDD
example is presented. Keywords: TDD, Top down component design, multi-level assembly model, shape skeleton,
Xiang Chen, 2011
layout skeleton, skeleton interface, skeleton feature, inheritance mechanism.
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Process Related Literature-CAD

Articles and literature that include processes description for CAD research field
1.2.6.4

Process Description Summary
A total of 32 references are classified as processes-description related documents,

Figure 1.8 (a) shows the number of references on each intersection as indicated in Figure
1.2 – Research Fields and Intersections; the objective of the research is to find literature
in the intersection number 7 and only 1 article (Cederfeldt, 2006) was classified in this
intersection. Figure 1.8 (b) shows the number of process related articles on each field of
research (one article can be classified in 1,2 or more research fields)
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Results of processes related literature.

Summary plot of processes related literature and research fields intersections.
1.2.7

Metrics description for the research field. (Literature Review)
Literature shown in this section is related to metrics for each one of the research

fields proposed (ETO, PLE, and CAD).
1.2.7.1

ETO related literature – Metrics
Literature related to metrics of ETO products is relatively scanty and is mainly

linked to PLE and CAD as it is indicated in Figure 1.9.

Reference
Adkins, 2003

Martin & Ishii, 2002
Simpson, Siddique, & Jiao,
2006

Tarkian, 2012

Figure 1.9

Subject and Keywords
Top-Down-Design process creation for CAD tools. Introduce the need of 2 metrics (TDD Quality, and TDD
Integrity). Keywords: TDD, Reuse, KBE, CAD, ProE
Step-by-step method (Design for Variation DFV) for developing product platform architectures. Introduces 2 indices:
generational variety index (GVI), and coupling index (CI). Uses a water cooler example to illustrate the method.
Keywords: DFV,
Basic definitions: Variety, mass production, commonality, definitions of product family, product platform, product
architecture. pros/contra of product lines. Approaches to PFD. Organization: Part1 front issues, Part2 on
optimization, Part3 backend issues, Part4 Industrial applications
Dissertation that explains the need of MDO to address complex projects-products that involve differetn knowledge
domains. Introduces HLCTs as the enabler of optimization of MDO activities. Explain the necessity of a correct
mixing of automation and manual operations. Keywords: KBE, MDO, HLCT, Automation.

Metrics Related Literature-ETO

Articles and literature that include metrics for ETO research field.
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1.2.7.2

PLE related literature – Metrics
(Nielsen, 2014) collects some relevant indicators from the literature for

addressing the ability of the organizations towards the offering of variety. (Martin &
Ishii, 2002) introduce two important indices for measuring product architecture in their
“Design for Variety” method; the indices are the Generational Variety Index (GVI) for
estimating the required effort to re design the products when planned for generational
variety, and the Coupling Index (CI) for assessing the inter-relationship between
components in the product architecture. (Holta-Otto & Otto, 2006) present a table-tool for
assessing how good a platform is, based in 19 metrics that are classified in six groups,
and deduce an overall metric for evaluating the platform. (Jiao & Zhang, 2006) discuss
the subject of product family positioning supported in an objective function of the
expected value, as well in a metric of the customer preferences. (Thevenot & Simpson,
2006) define some commonality indices (Degree of Commonality, total Cost of
commonality, Product line commonality, percent commonality, and some others), and
explain the use of them with an example. Figure 1.10 summarizes the references that
contain metrics related to PLE.
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Reference

Subject and Keywords
tool for assessing how good a platform is. Methodology for scoring the metrics is presented, each metric for a
platform is explained. Example of a company that makes drilling tools. Keywords: Product Platform, Metrics
A framework for assesing the Commonality-Distinctiveness trade-off is presented and a case is presented for
demonstrating the use, the case consist of a company that makes laptops and show the compontents of them and
Jiao & Zhang, 2006
how to asses the product line.
Step-by-step method (Design for Variation DFV) for developing product platform architectures. Introduces 2 indices:
generational variety index (GVI), and coupling index (CI). Uses a water cooler example to illustrate the method.
Martin & Ishii, 2002
Keywords: DFV,
Presents a collection of metrics for Mass Customization in a framework that relates the metrics to 3 fundamental
Nielsen, 2014
capabilities. Keywords: MC, Assessment, Metrics, Framework, Capabilities.
Literature review on platform-based product development, and product family design. Identify future research, as
Pirmoradi, Wang, & Simpson, well as challenges for PLE. Keywords: Literature, PLE, PFD, Platform, Commonality, Variety, Optimization,
2014
Reuse.
Salvador, De Holan, & Piller, This paper identifies the 3 Capabilities that an organization should have for implementing successfully PLE, MC
2009
initiatives. Keywords: Capabilities, MC, PLE. Metrics Taxonomy.
Basic definitions: Variety, mass production, commonality, definitions of product family, product platform, product
Simpson, Siddique, & Jiao,
architecture. pros/contra of product lines. Approaches to PFD. Organization: Part1 front issues, Part2 on
2006
optimization, Part3 backend issues, Part4 Industrial applications
Present commonality indices for assessing Platforms and Product families. Keywords: Product Families, Platform,
Thevenot & Simpson, 2006
Metrics, Commonality
Present new metrics to assess reusability of Software Product Line Architecture SPL. Keywords: Reusability,
Torkamani, 2014
Software Product Line, Software Metrics

P

Holta-Otto & Otto, 2006
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Metrics Related Literature-PLE

Articles and literature that include metrics for PLE research field.
1.2.7.3

CAD related literature – Metrics
In the CAD side of the problem there are some metrics in the literature. (Adkins,

2003) discusses the TDD modelling approach, and includes two metrics for TDD
(Quality and Integrity). (Amadori, Tarkian, Olvander, & Krus, 2012) explain the concept
of High Level CAD Templates (HLTCs), and some metrics (Design Space Size, Model
Robustness, and Model Flexibility). Reuse of components is a fundamental process and
enabler of automation via KBE; a system for identifying if a design is strong or weak for
re-use is proposed by (Shahin & Sivaloganathan, 2005). A summary of the references
that contain metrics related to CAD or PLM are shown in Figure 1.11 with 5 references.

Reference

Subject and Keywords
Top-Down-Design process creation for CAD tools. Introduce the need of 2 metrics (TDD Quality, and TDD
Adkins, 2003
Integrity). Keywords: TDD, Reuse, KBE, CAD, ProE
Explain the need of Generic High Level Cad Templates or HLCT; which are flexible and robust configurable models
Amadori, Tarkian, Olvander, & suported on KBE for multidisciplinary Optimization MDO of engineering processes. Keywords: KBE, HLCT, MDO,
Krus, 2012
reuse,
Analizes strategies for CAD reuse. Reduction of inter-dependencies. Sequence selection of the features.
Camba, Contero, & Company, Comparative evaluation of strategies. Test robustness and flexibility of models created. Resilient techniques.
2016
Keywords: CAD reusability, Parametric modeling, Modeling methodologies, Design Intent.
Dissertation that explains the need of MDO to address complex projects-products that involve differetn knowledge
domains. Introduces HLCTs as the enabler of optimization of MDO activities. Explain the necessity of a correct
Tarkian, 2012
mixing of automation and manual operations. Keywords: KBE, MDO, HLCT, Automation.
Review of Knowledge Based Engineering literature. 50 refereces are analized. Identifies Theory and research
Verhagen, Bermell-Garcia,
issues. Findins include: need for methodological approach, knowledge traceability, need for quantitative framework
Dijk, & Curran, 2012
to assess viability and KBE success; identifies the opportunity of MC.

Figure 1.11

Metrics Related Literature-CAD

Articles and literature that include metrics for CAD research field.
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1.2.7.4

Metrics Summary
16 references were related to metrics of at least one of the research fields

proposed. Figure 1.12(a) shows the number of metrics-related articles classified per
intersection according Figure 1.2 – Research Fields and Intersections; there are no
articles in intersections 6 and especially 7 which is the objective of this research, also
there is only one article that describes the processes of the intersection; hence it can be
concluded that the research hypothesis is rejected, there is not enough literature for
assessing the performance and the maturity of the organizations for creating automated
3DCAD platforms for ETO products.

Metrics related Literature and
Research Field
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Figure 1.12

(b)

Results of metrics related literature.

Summary plot of metrics related literature and research fields intersections
1.2.7.5

Concluding and perspectives for future research
This article explored the literature for metrics and processes description for the

ETO products that are created with the PLE approach in 3D CAD platforms. Three
research fields were identified: ETO products, products that are developed with the PLE
approach, and products that are represented in 3DCAD tools. 40 references were
21

classified according the research fields, and also by the intersections of them like for
example ETO products which use the PLE approach, or products Based on PLE and that
use 3DCAD tools, an all combinations of the research fields. These intersections were
numbered (from 1 to 7) and represented graphically. The objective of the research lays in
the intersection 7 (the last intersection) or the intersection of all 3 fields, the intersection
corresponds to metrics for ETO products that are developed with the PLE approach on
3DCAD Systems.
A search was done in databases for articles and books on the 3 subjects, and a
total of around 140 references were found, in a second step articles were filtered for all
those containing some key terms related to metrics, processes description and other
concepts (i.e. Variety, Commonality, KBE, TDD etc.), after this filtering process 43
articles were considered relevant. Literature found on databases was classified first by
looking references that describe the processes of any of the 3 research fields and
categorized according with the intersections mentioned before; only one article describes
the process for products in the intersection 7. The same process was repeated but looking
for metrics for ETO products done with the PLE approach on 3DCAD tools and no one
contains metrics for this purpose, so the literature about the metrics and processes
description is very scanty, and in the case of metrics there are not metrics specifically
intended for this type of product that include the approach of the 3 research fields.
Future research will be focused in creating formalized methods or structures for
measuring and describing clearly the steps and processes of this connection. Figure 1.13
depicts this purpose, PLE and CAD don’t have a real intersection so it is necessary to
create a bridge that eventually will connect this two research fields.
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Figure 1.13

Graphic representation of conclusions of Literature Review

Venn’s diagram that describes the gap between PLE and CAD research fields and the
need of a connector (bridge).
1.3

Statement of the problem
The process for creation of CAD platforms for ETO products that are based on the

PLE concept should be clearly understood by the organizations facing this type of
approach; hence there is need for tools that allow completely describing the process as
well as consistent metrics for assessing the performance and the maturity of the
organization for creating CAD platforms. The tools should also be offered in a practical
manner for easy application of the concept in industrial world. There is not a specific tool
for this purpose in the literature. A good amount of metrics exist for the individual
research fields (PLE and CAD); and many un-structured empirical approaches for
achieving this goal to some degree are available. Can one of these empirical approaches
be complemented and adapted with metrics and procedures from similar research fields in
the literature for offering the required tool?
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1.4

Objective
Objective of the research is to establish a methodology-framework for assessing

the capability of an organization for developing CAD Platforms for ETO products. There
are many definitions for “framework” but in the context of this work, is a conceptual
structure that can be extended to fit individual needs, or be used as-is. (Dori, 2002)
proposes a holistic system paradigm for representing systems, and the objective of this
research is modelled in an Object Process Diagram (OPD) (Dori, 2002) as shown in
Figure 1.14. The two processes in the dashed box corresponds to the desired framework
that bridges the PLE side of the entire process at the left and the CAD side at the right.

Figure 1.14

OPM representation of the objective
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The corresponding Object Process Language (OPL) is as follows:
PVM CREATING yields PVM,
CAD PLATFORM CONFIGURING consumes PVM,
CAD PLATFORM CONFIGURING yields CAD PLATFORM,
CAD PRODUCT CONFIGURING consumes CAD PLATFORM,
CAD PRODUCT CONFIGURING yields CAD PRODUCT FAMILY,
MEASURING requires CAD PLATFORM CONFIGURING,
MEASURING yields CAD-PLATFORM CREATION PROCESS CAPABILITY.

PVM CREATING is a process that yields an object named Product Variant
Master (PVM). PVM is usually a model tree that contains the information about the
architecture of the product to be developed, it is one of the outputs of the PLE process,
and will be used as the input for the processes objective of this work.
CAD PLATFORM CONFIGURING is a process that yields the CAD
PLATFORM which is the configurable 3D-Model for creating different product families.
The CAD PLATFORM is a structured collection of CAD models that represent the
product on the CAD tool and is the output of the organization that creates platforms; one
example of a CAD Platform is a 3D model of a turbine that can be configured by specific
controlling tools (i.e. excel sheets) for creating different turbine’s models for specific
customer requirements.
MEASURING process uses the CAD PLATFORM CONFIGURING process as
an input for yielding the group capability for creating platforms or CAD-PLATFORM
CREATION PROCESS CAPABILITY. Based on the assessment of such capability it is
then possible to establish goals for improving the process and automate the entire
process.
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1.5

Hypotheses and Research Questions
It is possible to establish a framework for assessment and measurement of process

capability (dependent variable) for creating CAD platforms based on a standard
definition of product, processes, assets, and indicators (independent variables).
The proposed framework will include these pieces:
1. A set of components (objects and processes) that define the framework
(connector between PLE and CAD).
2. A clear description of the components and their relationships.
3. A set of metrics for these processes and objects, and a consolidated metric that
allows evaluating the entire process capability.
4. A final presentation of the metrics that can be a useful tool for evaluating
platforms.
1.6

Significance
This framework, if proven effective will be a tool for describing and assessing

process capability for the creation of CAD platforms of ETO products. Due to the focus
of the proposal on metrics and its methodological approach, the Framework can be the
base for the seamless connection of PLE and CAD.
1.7

Method
The paper proposes that the way to connect PLE and CAD in the context of

discrete ETO products is a framework; two challenges are identified, the description of
the components of the framework, and the creation of metrics. A literature review was
done in order to find components as well as metrics, and the relevant findings were used
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or adapted to fit the requirements of the framework proposed. The architecture of the
framework, contents, and metrics are described in detail, as well as the procedure for
measuring a platform creation process.
The framework will be tested and illustrated in a case-study (in two scenarios); in
the first scenario the framework is tested by measuring the platform developed by an
industrial company during 10 years; in the second scenario the creation of same platform
is evaluated from the perspective of the use of predefined “assets” (Smart Objects, and
Smart configurable processes) as the base elements for the construction of the platform.
The example has been selected trying to have simplicity enough for better understanding
of the concepts and comprehensiveness enough to show the power of the concept in a real
company that create discrete ETO products. The configurator for the case-study was
created in MS Excel, the CAD models in PTC’s CREO, and the KBE implementation is
based on the PTC’s Web/Link Application Programming Interface (API).
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CHAPTER II
THE FRAMEWORK
This chapter explains in detail the framework that allows assessing the
performance of organizations creating CAD platforms for ETO products. The proposed
framework is divided into two main parts: a set of components that conforms the process
for creating ETO products platforms on 3DCAD tools (this portion of the framework is
important because include the necessary elements for implementing the metrics), and a
collection of metrics for evaluating the performance of the organizations that create this
type of products.
The process-components are based in best practices collected in literature and
3DCAD software documentation. The performance-metrics and their classification are
adaptations of similar measurement techniques found in the individual research fields that
are found in the literature and software practices.
2.1

Components of the framework (bridge)
(Martin & Ishii, 2002) present a practical methodology for the creation of product

platforms based on variety, describe the importance of the product architecture for
product families, and explains the concepts supported on the development of a water
cooler where the components are described and are the key element for the application of
the methodology. (Hvam, Mortensen, & Riis, 2008) describe a business model based on
the creation of product configurators for managing product variety that includes (the
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business model) different views of customized products; in the second step of the
methodology proposed by Hvam, one of the important tools introduced is the Product
Variant Master (PVM) which is a representation of the product architecture in a
hierarchical manner and consists of two parts: the “part-of” structure that contains
(represents) components (modules or parts) that are present in all product family, for
example a car that consists of chassis, engine, hydraulic System, electric system, etc.
(Hvam, Mortensen, & Riis, 2008); the second part “kind-of” is a representation of how
the product can appear in different variants, for example the engine can be Diesel or
Gasoline (Hvam, Mortensen, & Riis, 2008). PVM is the first component (object) of the
bridge that eventually connects PLE and CAD, and next components are based on PVM.
The representation of the PVM (including assets) in CAD demands a different
approach depending on the CAD capabilities; (Camba, Contero, & Company, 2016)
mentions that in industry the feature-based parametric 3D-CAD is the standard (i.e.
PTC’s CREO, DSS’ CATIA, SIEMENS’ NX, DSS’ SolidWorks etc.), this paper focuses
on them, however the concepts can also be applied to different types of CAD, or even
manual processes. Top-Down-Design (TDD) is a strategy for solving large problems
(developing products) that are conceived as a whole and then divided into smaller
portions until it is totally defined (Xiang Chen, 2011) (Adkins, 2003). Modern 3D-CAD
tools implement some features for supporting TDD, (Adkins, 2003) presents a set of
guidelines for the efficient application of TDD in product development. TDD strategy
introduce some important advantages like reduction of complexity during design (Xiang
Chen, 2011), better parallelization (Xiang Chen, 2011), allows to deal with large
assemblies, plan and execute complex designs, control motion and flexible components
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(PTC, 1998), as well as managerial benefits (Thomas, 2010). Due to the advantages
exposed here, an implementation of TDD approach which lies in the CAD side of the
bridge is selected as the second main component, and is named TDD-PVM, because is a
representation of the PVM in the CAD tool by using the TDD approach. This TDD-PVM
corresponds to an assembly that represents the product (platform), and includes all
structural TDD components (like Skeletons, references, global parameters, etc.), as well
as all parts and modules that describe completely the 3D model platform of the product.
The platform is described-represented in the CAD tool as an assembly, the
creation of components in the platform assemblies from which the TDD-PVM assembly
is the central part, follow a set of steps (processes) for configuring the product (platform)
that are common to most CAD tools (PTC, 1998).
The first process and third component of the framework is the “selection of the
model" to be used; normally there is a repository of assets and a structure and
method/tool for searching. Second process and 4th component is Insertion of the model in
the platform (product assembly), (Amadori, Tarkian, Olvander, & Krus, 2012) explains a
topological transformation as the one that involves location of objects, and this process
addresses this transformation in the framework, CAD tools in general have some features
for doing this process like coordinate-systems, datum planes, points, axes, reference
geometry, and similar features.
The third process and 5th component is “Constraining/Referencing” of the model
to geometric references, this process is associated to the concept of morphological
transformations as explained by (Amadori, Tarkian, Olvander, & Krus, 2012) which are
operations related to the form or shape of components, in the CAD tools usually are
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explained as constraints, and reference geometry for defining the shape of the
components.
Fourth process and 6th component of the framework corresponds to “Control”
definition for the model in the context of the platform (product assembly), in this process
the parameters that control the part are linked to relevant components that are devised for
control, for example one component could have some parameters for controlling physical
properties of it like length, thickness, etc., and can be linked to another variable in a
skeleton, a notebook or an excel sheet for controlling.
The fifth process and 7th component is the process of Calculation or rules for the
model in the context of the variation defined for the platform; during this processes many
rules are implemented and configured in the platform, for example, one component is
present or suppressed in the assembly according with the rules previously defined and
programmed in the CAD tool, or the dimensions of parameters assigned based on
calculations or tables. These five steps (processes) are also components of the bridge.
The strategy selected for the creation of the platform is TDD, but in order to
increase the efficiency of design, the components should be more powerful than just
conventional models; (Tarkian, 2012) proposes that the components for the assemblies
should be High Level CAD Templates (HLCT) or configurable models that represent a
class of objects, these building blocks are highly re-usable and appropriate for the
automation with the adoption of Knowledge Based Engineering (KBE). According with
(Verhagen, Bermell-Garcia, Dijk, & Curran, 2012) KBE is “is a research ﬁeld that studies
methodologies and technologies for capture and re-use of product and process
engineering knowledge”, but a definition which is more in tune with CAD automation is
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the one given by (La Rocca, 2012) that states that KBE is “Automation of repetitive and
non-creative design tasks” . (Tarkian, 2012) proposes also the Dynamic Top-Down
modelling which is the combination of the TDD approach with the HLCTs (that can be
defined as a Bottom-Up approach). This Dynamic-TDD approach mixes the advantages
of TDD with the powerful capabilities of HLCTs, and this is the approach that is included
in the framework of this proposal, with the changed name of Smart Objects (SO) which
are another component of the Framework.
Smart Objects (eighth component) are basic configurable components that can be
very powerful due to the re-use and the potential for automation via KBE; but in order to
configure the Smart Objects, many repetitive processes are done and when implemented
by using KBE in a manner that can be also re-used, the automation possibilities of the
framework are increased, (Verhagen, Bermell-Garcia, Dijk, & Curran, 2012) mentions
that the time devoted to routine tasks rises to 80%, and KBE has the potential to achieve
important savings by automating CAD processes; so the concept of Smart Configurable
Processes (SCP) is introduced (ninth component), and become also a fundamental
component of the framework proposed and is focused on the productivity of the
framework, these can be implemented as workflows that can be automated; one example
of a SCP can be a method that automatically inserts one selected object, while at the same
time creating features on the receiving piece, and that can be used(configured) for any
component that have the same behavior during the configuration process.
The components defined in the previous paragraphs are shown in Figure 2.1 with
the appropriate references on which they are based on. Summarizing, these components
are:
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PVM. Product Variant Master comes from PLE process, it is not part of the
framework but is the content to be modeled in the 3DCAD.



TDD PVM. Top-Down Design PVM is the implementation of the PVM in the
CAD tool and in the end is the final model of the complete product.



Reference Model. Are individual components (i.e. Parts, UDF, Assembly,
etc.). In efficient organizations, these models are instances of Smart Objects.



Model Insertion. Are process for inserting Reference models and Smart
Objects.



Model Constraining. Or Processes for constraining the geometry to existing
references.



Model Control. This is a process for defining and linking the control of many
variables in different parts to a central object from where the complete model
is governed.



Rules. Are processes for applying rules (i.e. formulas and values) to the
variables contained in the central-control objects.



Smart Objects. Are models that are highly configurable and flexible for
creating different variants from a single common object, and which are
maintained as “assets”.



Smart Configurable Processes. Are Configurable processes that can be reused
for different processes and components, and which are maintained as “assets”.
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Figure 2.1

2.1.1

Framework components and references

Framework Components and their relationships
Some of the components mentioned before can be classified as objects and some

as processes, (Dori, 2002) introduces a modeling paradigm (Object-Process Methodology
(OPM)) for representing and modeling systems (like product development processes) in
the form of objects and processes that include graphic representation (Object-Process
Diagram (OPD) and a language for describing the modeling process (Object-Process
Language (OPL)). Figure 2.2 shows a representation based on Object-Process Diagram
(OPD) (Dori, 2002) that describes the components of the framework and their relations.
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Figure 2.2

OPM representation of components and their relationships (Dori, 2002).

The corresponding Object-Process Language OPL representation is as follows:
CREATING PVM yields PVM,
CREATING TDD-PVM consumes PVM,
CREATING TDD-PVM yields TDD-PVM,
TDD-PVM consists of PARTS,
PARTS can be SELECTED, INSERTED, CONSTRAINED, CONTROL LINKED, RULES
DEFINED,
TDD-PVM consists of REFERENCE OBJECTS,
TDD-PVM consists of CENTRAL CONTROL OBJECTS,
TDD-PVM is instance of PART,
PART requires CAD/TOOLS,
SMART OBJECTS CREATING yields SMART OBJECTS,
SMART PROCESSES CREATING yields SMART PROCESSES,
DESIGN AGENT handles SMART OBJECTS CREATING,
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DESIGN AGENT handles SMART PROCESSES CREATING,
SMART OBJECTS requires CAD/TOOLS,
SMART PROCESSES requires CAD/TOOLS,
PART CREATING requires SMART OBJECTS, SMART PROCESSES, RULES,
SEARCH/TOOL, CAD/TOOLS, REFERENCE OBJECTS, CENTRAL CONTROL
OBJECTS, DESIGN AGENT handles PART CREATING,
PART CREATING yields PARTS,
TDD-PVM CREATING is instance of PART CREATING,
PART CREATING zooms into SEARCHING, INSERTING, CONSTRAINING, LINKING,
RULING,
SEARCHING consumes SMART OBJECTS,
SEARCHING requires SEARCH TOOL,
SEARCHING changes PART from NONE to SELECTED,
INSERTING requires REFERENCE OBJECTS,
INSERTING consumes SMART PROCESSES,
INSERTING changes PART from SELECTED to INSERTED,
CONSTRAINING requires REFERENCE OBJECTS,
CONSTRAINING consumes SMART PROCESSES,
CONSTRAINING changes PART from INSERTED to CONSTRAINED,
LINKING requires CENTRAL CONTROL OBJECTS,
LINKING consumes SMART PROCESSES,
LINKING changes PART from CONSTRAINED to CONTROL LINKED,
RULING requires RULES,
RULING consumes SMART PROCESSES,
RULING changes PART from CONTROL LINKED to RULES DEFINED.

2.1.2

Taxonomy of components
(Smith, 2011) describes the taxonomy concept as the way of classify components.

In row C of Figure 1.1, the different levels of development are presented, the product
level (the upper part of the graphic) is where the configuration of each product occurs
with the help of the configurator; the platform level is the space where all configurations
are engineered in a CAD platform to be consumed in level 1 by the configurator; finally
the lower level or the assets level contains all components (objects and processes) that are
consumed during the creation of the CAD platforms. The OPM diagram in Figure 2.1
presented the concepts and architecture of the processes involved in the framework
proposed, and that allows the creation of the platforms from the available assets; in Table
7 the main objects and processes are listed, two additional columns in the table locate
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each component in the assets level and in the platform level; this is the first
representation of taxonomy for the components.
Table 2.1

Classification of TDD-PVM components

Classification of components according processes, objects, platform, and assets level.
Summarizing, processes and objects listed in Table 7 are the main components of
the framework explaining the piece 1 of the hypothesis. OPD shown in figure 2 and the
corresponding OPL representation describe the relationships between components of the
framework, also the separation of the components in 2 levels (platform and assets) offer
taxonomy of the components of the framework. Figure 2.3 is a summarized simple
representation of the framework (Super System Map adaptation (Rummler & Brache,
1995)) in the context of PLE and CAD and encapsulate the components presented,
describing in this manner the second piece of the hypothesis. MPV belongs to the PLM
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side of the framework, TDD-PMV resides in the CAD side, and all other main
components are encapsulated in a module (TDD-PVM Configuration Module) that will
be a practical tool for planning the creation of platforms and is explained in the next
section, and describes partially the fourth piece of the hypothesis; finally the Metrics tool
is also included and will be explained afterwards.

Figure 2.3

Framework representation with input and output

(Rummler & Brache, 1995)
2.2

Framework Metrics
Main components of the framework has been already defined, and some metrics

can be added in order to deduce some indexes for assessing the ability of the process to
create new platforms, the main parts that can be identified are processes and objects that
are listed in Table 7. An OPD representation (Dori, 2002) of the metrics components and
the relationship with other important parts of the entire process is shown in Figure 2.4
green points belong to the processes described before and are the main components used
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by the most important process of this section which is the Measuring process that yields
the capability of the configuration process for platforms. The process also consumes two
objects: the metrics of the process, and the metrics taxonomy.

Figure 2.4

OPM representation of the metrics and components of the framework

Adapted from the methodology proposed by (Dori, 2002).
The corresponding OPL is as follows:
PVM CREATING yields PVM,
R&D GROUP handles PVM CREATING,
R&D GROUP handles UPSTREAM INFLUENCING,
CAD PLATFORM CONFIGURING consumes PVM,
CAD PLATFORM CONFIGURING yields CAD PLATFORM,
CAD PRODUCT CONFIGURING consumes CAD PLATFORM,
CAD PRODUCT CONFIGURING yields CAD PRODUCT FAMILY,
APPLICATION ENGINEERING handles CAD PRODUCT CONFIGURING
CAD PLATFORM CONFIGURING requires ASSETS,
CAD PLATFORM CONFIGURING consists of STANDARD CONTENT STEPS,
CAD PLATFORM CONFIGURING exhibits GOAL,
UPSTREAM INFLUENCING yields GOAL,
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MEASURING requires CAD PLATFORM CONFIGURING, ASSETS, STANDARD
CONTENTS STEPS, GOAL, CAD PRODUCT FAMILY,
MEASURING consumes METRICS, METRICS TAXONOMY,
MEASURING yields CAD-PLATFORM CREATION PROCESS CAPABILITY.

(Nielsen, 2014) collects some relevant indicators from the literature for
addressing the ability of the organizations towards the offering of variety. (Martin &
Ishii, 2002) introduce two important indices for measuring product architecture in their
“Design for Variety” method; the indices are the Generational Variety Index (GVI) for
estimating the required effort to re design the products when planned for generational
variety, and the Coupling Index (CI) for assessing the inter-relationship between
components in the product architecture. (Holta-Otto & Otto, 2006) present a table-tool for
assessing how good a platform is, based in 19 metrics that are grouped in six groups, and
deduce an overall metric for evaluating the platform. (Jiao & Zhang, 2006) discuss the
subject of product family positioning supported in an objective function of the expected
value, as well in a metric of the customer preferences. (Thevenot & Simpson, 2006), and
(Wacker & Trelevan, 1986) define some commonality indices (Degree of Commonality,
total Cost of commonality, Product line commonality, percent commonality, and some
others), and explain the use of them with an example. The metrics presented are focused
in the assessment and measurement of variety with application in the design of product
families, some metrics can be used for quantifying the components of the framework
presented here, some others do not apply and some of them should be tailored to the
application of the metrics in this framework; Smart Objects and Smart Configurable
Components can be treated as assets (similar to the modules exposed in PLE), and the
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processes described before can adapt some modified versions of the metrics exposed
here.
In the CAD side of the problem there are some metrics in the literature. (Adkins,
2003) discusses the TDD modelling approach, and includes two metrics for TDD
(Quality and Integrity), the TDD-PVM is based on this approach so these metrics are
relevant for the framework. (Amadori, Tarkian, Olvander, & Krus, 2012), and (Tarkian,
2012) explain the concept of High Level CAD Templates (HLTCs), and some metrics
(Design Space Size, Model Robustness, and Model Flexibility); HLTCs are the base for
the definition of the Smart Objects SO presented in the framework, and the metrics are
also relevant; Smart Configurable Processes SCP can be also measured with these
metrics. Re-use of components is a fundamental process and enabler of automation via
KBE and PLE effectiveness; a system for identifying if a design is strong or weak for reuse is proposed by (Shahin & Sivaloganathan, 2005).
Intuitively, for the components of the framework it is desirable to have few
components but very versatile, Configuration should be easy and repeatable, Objects and
processes re-use should be emphasized, Automation is the enabler of high productivity,
product variety offered by the combination of components should be highly
comprehensive, like the concept of the framework is supported on the re-use, it should be
easy to search for and understand the components and their configuration process should
be straightforward.
2.2.1

The three types of capabilities
(Nielsen, 2014) and (Salvador, De Holan, & Piller, 2009) mention and describe

the three capabilities of mass customization (Solution Space Development SSD, Robust
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process Design RPD, and Choice Navigation CN). SSD is the portion of the market and
customer needs where the organization focuses the attention for offering products, it is
the selected space for offering a solution (products); the efficient development of this
capability is attained by a clear understanding of the market needs and the relation to the
features of the product to be offered by the organization. RPD capability is related to the
efficient use and coordination of the available resources in the organization in order to
satisfy the customers’ needs defined in the solution space as well as optimizing the use of
the resources in the production side. CN capability on the other hand is the organization’s
ability to help the customer to build or configure the products according their needs.
Metrics are categorized by using these capabilities in order to have a measurable
definition of them.
This capabilities concept will be adapted to the scope of the framework; the SSD
capability is composed by all metrics related to the problem definition, in the case of the
framework the problem space is defined by the PVM or the problem to be modeled in the
CAD tool, so metrics for identifying the size, complexity, or measures of the problem
belong to this capability. RPD is related to the assets of an organization that in the case of
the proposed framework are the model-assets or Smart-Objects (SO) which are the
components to be configured for creating the desired platforms. CN capability is
achieved in the framework by the use of the configuration processes, these are the SmartConfigurable-Processes (SCP) which allow to configure and transform the SO into a
usable asset. The objective of the processes here defined and the framework is to
configure product based on pre-existing assets, (Nielsen, 2014) proposes a way of
representation of CN capability divided in three sets and represented as Venn’s diagrams,
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for this framework this diagram has been adapted and used with all three capabilities.
Figure 2.5 shows the three capabilities and the intersections are numbered for identifying
levels of performance of the 3 capabilities for an organization.

Figure 2.5

The three capabilities adapted to the scope of the research.

One metric that shows that the problem to solve doesn’t have assets available in
the framework, and with no processes available for configure the asset will be located in
the intersection numbered 2 and can indicate the need for constructing the assets (SO and
SCPs), the ideal situation that could indicate a good ability for creating a platform is
when a metric indicates that a problem has a corresponding SO and SCPs, so the
intersection number 7 could indicate that. Table 8 explains the intersections of the
capabilities.
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Table 2.2

Sets Intersections of Capabilities

Description of Venn’s diagram intersections for the adapted set of capabilities.
2.2.2

Metrics Collection, description and categorization
Some metrics will be presented and categorized by the three capabilities

explained before and in the end a combined index can give a better understanding of the
overall capability of the organization for creating the CAD product platforms. Metrics
will be also classified by the level of configuration: Product family level, Platform level,
Assets level. From literature, a collection of possible metrics that can be adapted for the
purpose of this research is shown in the Figure 2.6. These metrics are classified according
the capabilities and product level where measures can be taken.
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Figure 2.6

Metrics to be adapted classified by capabilities and product level

Some of the measures that are included in the framework are adapted and
explained; these are basic measures for evaluating the performance of organizations that
create ETO products based on platforms represented in 3DCAD software.
2.2.2.1

SSD Metrics
Complexity-Impact Related Score (CIRS)
𝐶𝐼𝑅𝑆 =

(𝐶𝑅𝑆+𝐼𝑅𝑆)

𝐶𝑅𝑆 =

2

∗

(𝐶𝑆𝑆𝑂+𝐶𝑆𝑆𝐶𝑃)
2

𝐶1+𝐶2+𝐶3+𝐶4+𝐶5

𝐼𝑅𝑆 =

5
𝐶6+𝐶7+𝐶8+𝐶9
4

∗

∗
1
4

1
4

(2.1)
(2.2)
(2.3)

CIRS is a metric that evaluates the combined effect of the platform complexity
and the importance for the business with the extent of the items covered by the existing
assets. It has two components; the first one is the average of 2 indexes CRS and IRS, and
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this result is multiplied by the average value of CSSO and CSSCP. This metric applies to
the entire platform (not for the individual components).
CRS metric describes how complex is to create or modify a platform based in the
appraisal of 5 factors that range from 1 to 4, C1 is a factor related to the tools or Skills
available in the organization, C2 is the score assigned to the coupling factor or how interrelated are the components of an assembly, C3 rates if it is necessary to involve different
disciplines for developing the asset, C4 indicates if there is a component to base on for
creating the asset, C5 evaluates the size of the problem or the size of the asset. Some
other metrics for assessing these factors are available on the literature but the appraisal
method shown here (that can be extended and updated) is very straightforward and
adequate for the scope of this research. This metric applies to the entire platform
(platform level). Result is divided by 4 in order to normalize the result from 0 to 1 range.
IRS metric describes the importance that the asset being configured could have in
the business, which in this case is evaluated by 4 factors that range from 1 to 4, C6 is a
factor related to the re-use probability, C7 evaluates how modular the asset is expected to
be or if when used the asset will require adjustments, C8 is related to the expected timesaving potential ranging from automated (the minor configuring time) to manual
(maximum time), C9 indicates the automation capability of the asset especially by using
the existing SCPs. Like CRS, IRS is normalized by dividing by 4.
The criteria for assigning the values C1 to C9 are given in the Figure 2.7
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Figure 2.7

Criteria for assigning values for CIRS

Completion Supported Objects (CSSO), Adapted from (Siddique, et al. 1998)
𝐶𝑆𝑆𝑂 = (𝐶10 − 𝐶11)/𝐶10

(2.4)

CSSO describes the amount of support found in the existing assets (Smart
Objects) of the company for developing the new platform. C10 is the total number of
components necessary to create the TDD PVM (Excluding N/A items). C11 are those
items that should be done manually (there is no asset available for populating the TDDPVM).
Completion Supported Processes (CSSCP), Adapted from (Siddique, et al.
1998)
𝐶12−𝐶13

𝐶𝑆𝑆𝐶𝑃 = ∑4𝑖=1(

𝐶12

)𝑖

(2.5)

It is similar to CSSO but applies to all configuration processes; here the assets are
procedures for configuring the existing assets (SO); i index indicates that these metric
should be repeated for all 4 processes of the framework (Insertion, Constraining, Control
and Rules). C12 is the total number of processes related to each item in the TDD-PVM
(Excluding N/A items). C13 are items that should be done manually (there is no processasset available for populating the TDD-PVM).
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2.2.2.2

RPD Metrics
TDD Quality and Integrity TDDQI
𝑇𝐷𝐷𝑄𝐼 =

𝑇𝐷𝐷𝑄+𝑇𝐷𝐷𝐼

(2.6)

2

Is a combined score that evaluates the quality of the SO as well as the integrity,
that is defined as the stability of them for repeated use without degradation. It is the
average of TDDQ and TDDI.
TDD Quality (TDDQ), Adapted from (Adkins, 2003)
𝑇𝐷𝐷𝑄 =

𝐶14+𝐶15+𝐶16+𝐶17
4

∗

1
4

(2.7)

This metric gives information on the quality of the Top-Down-Design asset (i.e.
Smart Objects), all factors range from 0 to 1, C14 indicates the degree of compliance
with pre-defined quality rules for the assets with 0 for no compliance and 4 for full
compliance; C15 describes the presence of geometric problems like collisions or
regeneration problems and should be checked in all possible variants, a score of 4 will
indicate the absence of geometrical problems; C16 indicates if there are cyclic
redundancies, normally the models (assets) are created on history-dependent CAD tools
and it is necessary to verify that the variation of the models follows the intended
regeneration sequence. C17 indicate if there is an automated process for checking quality
of the models, it ranges also from 1 to 4. These 4 factors can be evaluated with the help
of a proper setup, rules and automatic tools available on the CAD tools. The result is
normalized by dividing by 4. The criteria for assigning the values C14 to C17 are given
in the Figure 2.8
TDD Integrity (TDDI), Adapted from (Adkins, 2003)
𝑇𝐷𝐷𝐼 =

𝐶18+𝐶19+𝐶20+𝐶21
4
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∗

1
4

(2.8)

This metrics evaluate the robustness of the assets to the repeated re-use and
configuration for years and in different platforms, this factor is obtained by doing a
FMEA assessment and effective resolution of possible risks. C18 is a factor that ranges
from 0 when there is no evaluation of failure modes to 4 when all the possible failure
modes are studied and. C19 indicate if impact of failures were evaluated (0-4). C20
indicates the degree of countermeasures adopted. C21 indicates the degree of automation
for these processes. All variables are ranked from 0 to 4; the result is divided by 4 in
order to normalize to 1.
The criteria for assigning the values C18 to C21 are given in Figure 2.8

Figure 2.8

Criteria for assigning values for TTDI

Automation Index (AISO) (Smart Objects)
𝐴𝐼𝑆𝑂 =

(∑𝑛
𝑖=1 𝐶22𝑖 )−𝐶40
(9∗𝐶23)

(2.9)

This metric evaluates the amount of automation (reuse) available in assets (Smart
Objects) for the creation of the platform that is being evaluated. C22 corresponds to the
degree of reusability which is a score assigned to each item in the TDD-PVM, it is rated
in a scale of 0,1,3,6, and 9, according with Figure 2.9; the index ranges from 1 to the total
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number of items in the TDD-PVM. C40 is the total number of “manual” items; C23 is the
total number of items in the TDD-PVM (excluding those with N/A label).

Figure 2.9

Scores for items in TDD-PVM

Total Constant Commonality Index (TCCISO), Adapted from (Wacker &
Trelevan, 1986).
𝑇𝐶𝐶𝐼𝑆𝑂 = 1 − (𝑑 − 1)/(∑𝑑𝑗=1 𝛷𝑗 )

(2.10)

This is a metric that ranges from 0 to 1 that evaluates the degree of commonality
for SO, or the average of common parent components related to average distinct item.
Variable “d” indicates the total number of “distinct” items or components in the entire
product structure (TDD-PVM); j variable corresponds to the total number of end
components; and Φj is the number of parents (or assets) for a component in the TDDPVM.
2.2.2.3

CN Metrics
Central-Control Quality (CCQ)
CCQ=(1 −

𝐶24

𝐶26

) ∗ ((9∗𝐶25))

𝐶25

(2.11)

Top-Down Design has many advantages, and one of them is the centralized
control, this metric evaluates the amount of central control for the items in the TDDPVM, from 0 where each item is controlled independently and changes should be
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propagated to all items, to 1 where there is a unique central control point for all
components which is the ideal case for creating new products from the platform. This
value is affected by the amount of automation for inputting the variables (i.e. for updating
hundreds of variables manually the score is low as compared to an automated updating.).
C24 corresponds to the number of defined items (excluding N/A items); C25 is the total
number of items in the TDD-PVM. C26 is the sum of scores for all items (CalculationRule processes) in the TDD-PVM, the values assigned to each calculation-rule process
(item) are given according Figure 2.9.
Automation Index for Smart Configurable Processes (AISCP)
𝐴𝐼𝑆𝐶𝑃 =

𝑛
4
(∑4
𝑗=1 ∑𝑖=1 𝐶27𝑖𝑗 )−∑𝑗=1 𝐶28𝑗

(∑4
𝑗=1 𝐶29𝑗 )∗9

(2.12)

Similar to AISO, but this metric is applied to and evaluated in all “processes”
(Insertion, Constrain, Control, and Rules) as indicated by the index ‘j’ from 1 to 4. C27
corresponds to the value assigned to each asset-process used for each component
(beginning from 1 to n that is the total number of components in the TDD-PMV) and are
evaluated according the next table. C28 corresponds to the total number of processes that
should be done manually for the “j” process (Insertion 1, Constrain 2, Control 3, and
Rules 4). C29 correspond to the total number of items excluding those coded as “N/A”.
Values are assigned according Figure 2.9.
Total Constant Commonality Index for Processes (TCCIP), Adapted from
(Thevenot & Simpson, 2006)
𝑇𝐶𝐶𝐼𝑆𝐶𝑃 = 1 − (𝑑 − 1)/(∑𝑑𝑗=1 𝛷𝑗 )
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(2.13)

This metric is similar to TCCISO, but in this case “d” evaluation includes all
configuration processes (Insertion, Constrain, Control, and Rules), and Φj is also
evaluated for all configuration processes.
The metrics presented until here are the basic common measurements for
evaluating each capability of the organization some other metrics can be added to the
different capabilities according the need of the organization, especially when the maturity
level is high, or the organization wants to have certain strengths for a specific objective,
the layout of the platform allows to do so.
2.2.2.4

Overall Multi-Criteria Capabilities Assessment
All metrics are consolidated in a summary table that represents the metrics-

component of the framework (Table 10). (Holta-Otto & Otto, 2006) presented an
assessment tool for platform concept evaluation that has been adapted for the purpose of
this research. The scores of each capability are averaged with an assigned weight. The
‘weight for the organization’ value is assigned by the company in a scale of 0,3,6, and 9;
where 9 is the maximum value and is specified according with the relevance given to the
topic by the organization.
SSD – Solution Space Development Score
𝑆𝑆𝐷𝑆 = 𝐶𝐼𝑅𝑆 ∗ 𝐾1 + 𝐶𝑆𝑆𝑂 ∗ 𝐾2 + 𝐶𝑆𝑆𝐶𝑃 ∗ 𝐾3

(2.14)

This score is the combined value of all SSD metrics: CIRS, CSSO, and CSSCP.
K1 corresponds to the normalized averaged weight assigned to CIRS, K2 the value
assigned to CSSO, and K3 the value assigned to CSSP. For example if the organization
assigns a value of 9 to CIRS, 6 to CSSO, and 9 to CSSP; K1=9/(9+6+9), this is
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K1=0.375; K2=6/(9+6+9), K2=0.25; and K3=9/(9+6+9), K3=0.375. Hence
K1+K2+K3=1.
RPD – Robust Process Design Score
𝑅𝑃𝐷𝑆 = 𝑇𝐷𝐷𝑄𝐼 ∗ 𝐾4 + 𝐴𝐼𝑆𝑂 ∗ 𝐾5 + 𝑇𝐶𝐶𝐼𝑆𝑂 ∗ 𝐾6

(2.15)

This score is the combined value of all RPD metrics: TDDQI, AISO, and
TCCISO. K4 corresponds to the normalized averaged weight assigned to TDDQI, K5 the
value assigned to AISO, and K6 the value assigned to TCCISO.
CN – Configuration Assets Score
𝐶𝑁𝑆 = 𝐶𝐶𝑄 ∗ 𝐾7 + 𝐴𝐼𝑆𝐶𝑃 ∗ 𝐾8 + 𝑇𝐶𝐶𝐼𝑃 ∗ 𝐾9

(2.16)

This score is the combined value of all CN metrics: CCQ, AISCP, and TCCISP.
K7 corresponds to the normalized averaged weight assigned to CCQ, K8 the value
assigned to AISCP, and K9 the value assigned to TCCISP.
A joint score is averaged for each capability, as well as a final combined score is
obtained for the complete asset being configured (family, product, or individual assets),
and this is the final score required for assessing the capability of the process for creating
3D CAD Platforms, so the second part of the 3rd question presented in the hypothesis
section is answered. Table 10 shows the consolidated metrics in a table fashion that
renders the total capability of the process. The consolidated score is shown on top of the
table (in this case 0.824). The first set of rows (A, B, and C) is grouped in the Capabilities
Scorecard category. The score for the first group is the result of the 3 different categories
which are the 3 sets below as indicated.
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Table 2.3

Consolidated table of metrics for a specific platform

Platform-Creation Assessment tool

Capability Assesment Tool Summary Sheet
Overall Multi-Criteria Capabilities Assessment

Capabilities Scorecard (1+2+3)
A Solution Space Development SSD
B Robust Process Design RPD
C Configuraton CN

1- SSD Problem Space
1 Complexity-Impact Related Score CIRS
2 Completion Supported (SO)
3 Completion Supported (SCP)

2- RPD Model - Assets
4 TDD Quality and Integrity TDDQI
5 Automation Index (Smart Objects)
6 Total Constant Commonality Index (Smart Objects)

3- CN Configuration Assets
7 Central Control Quality
8 Automation Index (Smart Configurable Processes)
9 Total Constant Commonality Index (SCP)

Score

0.824

Grade
A Outstanding

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

9
9
9
27

9
9
9
27

9
9
9
27

9
9
9
27

33%
33%
33%
100%

33%
33%
33%
67%

33%
33%
33%
100%

33%
33%
33%
100%

Grades

A
B
C
D
F

0.30
0.24
0.28
TOTAL

0.27
0.30
0.33
TOTAL

0.29
0.25
0.20
TOTAL

0.30
0.27
0.28
TOTAL

0.89
0.73
0.85
0.82

0.82
0.89
0.98
0.89

0.88
0.74
0.59
0.73

0.89
0.82
0.83
0.85

Outstanding
80-100
Good
60-79
Acceptable
40-59
Poor
20-39
Manual Process 0-19

Grade

A
B
A
A

Outstanding
Good
Outstanding
Outstanding

Grade

A
A
A
A

Outstanding
Outstanding
Outstanding
Outstanding

Grade

A Outstanding
B Good
C Acceptable
B Good
Grade

A
A
A
A

Outstanding
Outstanding
Outstanding
Outstanding

0.8 - 1
0.6 - 0.79
0.4 - 0.59
0.2 - 0.39
0 - 0.19

Framework’s metrics-component that summarizes all metrics for a specific platform.
A graphical plot of the values in table 10 is shown in Figure 2.10 where the
objective set by the company is also shown.
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Figure 2.10

Radar plots of consolidated metrics

Summarizing, some empirical measurements where complemented with metrics
selected from the literature, and adapted to the scope and objective of the framework
proposed. A classification of the measures suggested by (Nielsen, 2014) was modified
and adapted for fitting the requirements of the framework with the objective of presenting
the three types of capabilities for the framework, so the piece number three of the
hypothesis was cleared. Also the concepts of metrics presented in this section were
implemented in a consolidated table that is the metrics-component of the framework, so
the fourth piece that was partially explained before, is completely described with the
metrics presented here. An application example can clarify and validate the concepts
explained here, and will be the objective of the next chapter.
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CHAPTER III
THE CASE EXAMPLE
This chapter shows the application of the metrics-framework in the development
of a simple platform for creating squared weldment tanks. In a first scenario the platform
that was created by an established company is evaluated with the framework; then the
same platform is evaluated with the introduction of some smart objects SO and Smart
Configurable Processes SCP in the second scenario. One objective is to test the ability of
the framework for assessing the capability of the organization that makes 3DCAD
platforms for ETO products, based in the components of the platform. Another important
objective is to demonstrate practically the use of the framework.
3.1

Square Tank
Square tanks are containers that have four walls (ASME;, 2010), a bottom plate,

and a flange, and all these components are welded together (Figure 3.1). These tanks
have also a cover that is bolt-fastened or welded to the tank body. Tanks are used
industrially for containing fluids, devices, and/or machinery; they offer also support for
internal devices and allow the transportation and operation of the contents. In some cases
are fundamental components of more complex products (some examples are oil
recipients, trash bins, mixers, voltage regulators, transformers, breakers, switches, tapchangers, etc.).
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Figure 3.1

Square tank for use in electromagnetic apparatus.

Walls and bottoms are made of metallic sheets (usually carbon steel) that have
reinforces for withstanding internal or external pressures and loads. Reinforces can be
horizontal or vertical profiles that are calculated based on the design and service loads
(Moss, 2004). ASME Boiler and pressure vessel code section VIII (ASME;, 2010) is a
good source of information for the calculation of this type of tanks.
The tanks to be built support ±1 atmosphere and have a maximum length of 5
meters, maximum height of 2.5 meters and a maximum depth of 2 meters (IEEE, 2010).
Can have Bolted or Welded cover, and vertical flat reinforces. Tanks can contain devices
or fluids inside of maximum 60 Ton. The platform can be configured on any commercial
history-parametric-based 3DCAD software tool (i.e. DSS-Solidworks, DSS-Catia,
Siemens-NX, PTC-CREO, Autodesk-Inventor, etc.). Some images shown here were done
in PTC’s CREO Parametric 2.0.
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3.2

Scenario 1
A company that makes this type of products developed a platform for designing

different tanks customized to individual needs of the clients (IEEE, 2010); the company
has been producing the tanks for containing electrical machinery inside. The platform is a
3D model of the tank that can be configured for each order (Figure 3.2). Each logical
configuration of the platform produces a tank for a specific order, and the collection of all
tanks derived from the platform is a tank-product family. The platform-model consists of
a main assembly named “tank_assy”; this assembly is divided into different components
organized hierarchically in a tree.

Figure 3.2

3DCAD platform and Product Family

One of the main components is the “Tank_weldment” which are all parts that are
welded and conform the container; each wall is also an assembly and is numbered from 1
to 4; “Wall1” is the frontal one, “wall2” the left one, “wall3” the one in the back, and
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“wall4” the one at right. The other two main assemblies are the “Flange” and the
“Bottom” (Fig. 3).

Figure 3.3

Tank description

The Tree explained before is the “Part-of” part of the Product Variant Master
(PVM) (Hvam, Mortensen, & Riis, 2008), and the different options for each component
of the tree are the “Kind-of” part of the PVM (Figure 3.4) (Hvam, Mortensen, & Riis,
2008). A family of tanks is obtained by the combination of the different options selected
from the “kind of” menu (Hvam, Mortensen, & Riis, 2008). The dimensions of the tank
can vary freely within the designated limits, and are a user input; dimension of other
components is controlled by user input or predefined rules and formulas.
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Figure 3.4

PVM Architecture

The development of this platform was done based on a Top-Down Design (TDD)
concept so the TDD-PVM explained in the framework is also present in the original
approach of this company; the TDD-PVM (Figure 3.5) is also a tree very similar to the
PVM that includes some additional components, in this case “skeleton” parts and objects
that allows to control centrally the platform like notebooks, math tools or excel sheets
(depending on the method used by the software for governing the behavior and
dimensions of the components).
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Figure 3.5

TDD-PVM Architecture

The main component of the “Wall1” assembly is the “Wall1” part; a sheet metal
square that was done from scratch (manually) by using the standard commands of the
3DCAD tool used (e.g. features like extrusions, sweep, revolve, etc.). The company has
configured some templates with common parameters, units and setup that apply to all
parts and assemblies that are created. Other components in “Wall1” are reinforces;
reinforces are a part created from scratch again and the different options are variations of
“part-features” contained in a “family table”. The other walls are created also “manually”
and inserted in the assembly in the references defined by the “skeleton” which is also a
special part created also manually. Some of the remainder components are created from
scratch and some others are reused as indicated in Figure 3.6. The scores assigned follow
the “reference model” criteria defined in the metrics-framework.
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Figure 3.6

Reference Models assets used in the TDD-PVM and their degree of
reusability

Most of the components are inserted to the model by using reference coordinate
systems included in the skeleton model or in other reference parts like the reinforces that
use the base coordinate system in the Wall as datum reference. Figure 3.7 shows the
insertion method used for each component, in all cases this process was done manually.

Figure 3.7

Insertion/Creation Assets used in the TDD-PVM and degree of reusability
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The size and shape of the walls, frame, bottom, and reinforces is not referenced to
any geometric entity, so for them this topic does not apply; only bottom reinforces and
frame bars are referenced to other geometric entities as shown in Figure 3.8.

Figure 3.8

Model-constrain processes assets used in the TDD and degree of reuse

The control of each component is assigned to a central “notebook” by the creation
of one or more variables and implemented with the help of a script program that hides or
shows some components according with the setting in the controlling variable. For
example the presence or absence of each reinforce is controlled by one variable in the
notebook, and programed in the script of the relevant assembly. This process can be
tedious and error prone if there are many components; and additional associated features
in the parts like cuts (i.e. a valve includes a welded flange but also a cut in the receiving
part). In the case of the platform described here this process was done manually for all
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parts in a central notebook and programed in the script language of the 3DCAD tool (i.e.
Pro/Program in the case of PTC’s CREO Parametric). Figure 3.9 shows the scores for all
components.

Figure 3.9

Control definition Processes in TDD-PVM and reuse level

The control has been assigned to a central program but the rules should be
implemented. That is, if the tank has a determined size, reinforces should be distributed at
certain distances and with the appropriate size for withstanding the load requirements.
There are many ways of implementing these rules like formulas, calculation-tools
software connected to the CAD artifacts, tables etc. In the case studied here the company
decided to create a set of tables that will be linked to the input dimensions and that
contain all rules. For example, in this case there should be a reinforce each 600
millimeters (the distribution is tabulated according with the selected length or depth of
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the tank), also the dimensions of the reinforces are given by a table where the
independent variable is the height of the reinforce (the height of the tank in the case of
the vertical reinforces) Figure 3.10 shows the scores of all components for the
implementation of this issue; in most of the cases the values in the tables should be filled
manually in the input notebook.

Figure 3.10

Rules definition processes in TDD-PVM and reuse level

Some other scores are filled for the complete platform, these are the complexity
related evaluation and the impact related evaluation as shown in Figure 3.11.
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Figure 3.11

Platform Complexity and Impact scores and criteria

The TDD quality and Integrity aspects were evaluated according the Figure 3.12

Figure 3.12

Platform TDD Quality and Integrity scores and criteria
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3.2.1
3.2.1.1

The metrics for Scenario 1
Solution Space Development related Metrics
Complexity-Impact Related Score; according equation 1.1,
CIRS=(((3+2+3+3+4)/(5*4)+(4+4+4+4)/(4*4))/2)*B
B=((((18-14)/18)+ (((17+3+15+2)-(16+3+15+2))/(17+3+15+2)))/2
CIRS=0.11
Completion Supported for SO; according equation 1.4, as follows:
CSSO= (18-14)/18
CSSO=0.222
Completion Supported for SCP; according equation 1.5, as follows:
CSSCP=((17+3+15+2)-(16+3+15+2))/(17+3+15+2)
CSSCP=0.027

3.2.1.2

Robust Process Design related metrics
TDD Quality and Integrity TDDQI; according equation 1.6:
TDDQI=((3+4+4+3)/(4*4)+(4+4+4+3+3)/(5*4))/2
TDDQI=0.8875
Automation Index for SO AISO; according equation 1.9:
AISO=(50/(18*9))-(14/(18*9))
AISO=0.222
Total Constant Commonality Index for SO; according equation 1.10:
TCCISO=1-(16-1)/(18-1)
TCCISO=0.1176
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3.2.1.3

Configuration of Assets related Metrics
Central-Control Quality CCQ; according equation 1.11:
CCQ=(1-(2/18))*(2/(9*2))
CCQ=0.099
Automation Index for SCP AISCP; according equation 1.12:
AISCP=((25+3+15+2)-(16+3+15+2))/((17+3+15+2)*9)
AISCP=0.027
Total Constant Commonality Index for SCP; according equation 1.13:
TCCISCP=1-((17+3+15+2)-1)/((17+3+15+2)-1)
TCCISCP=0

The next table (Table 1) summarizes the metrics obtained for the platform of the
scenario 1. For the purpose of this study all metrics are weighed equally with a value of 9
(All metrics have the same relative importance and are highly relevant for the
organization).
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Table 3.1

Consolidated table of metrics for Case’s Scenario1

Platform-Creation Assessment tool

Capability Assesment Tool Summary Sheet
Overall Multi-Criteria Capabilities Assessment

Capabilities Scorecard (1+2+3)
A Solution Space Development SSD
B Robust Process Design RPD
C Configuraton CN

1- SSD Problem Space
1 Complexity-Impact Related Score CIRS
2 Completion Supported (SO)
3 Completion Supported (SCP)

2- RPD Model - Assets
4 TDD Quality and Integrity TDDQI
5 Automation Index (Smart Objects)
6 Total Constant Commonality Index (Smart Objects)

3- CN Configuration Assets
7 Central Control Quality
8 Automation Index (Smart Configurable Processes)
9 Total Constant Commonality Index (SCP)

Score

Grade

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

0.190 F Manual Process

9
9
9
27

9
9
9
27

9
9
9
27

9
9
9
27

33%
33%
33%
100%

33%
33%
33%
67%

33%
33%
33%
100%

33%
33%
33%
100%

Grades

A
B
C
D
F

0.04
0.14
0.01
TOTAL

0.04
0.07
0.01
TOTAL

0.30
0.07
0.04
TOTAL

0.03
0.01
0.00
TOTAL

0.12
0.41
0.04
0.19

0.11
0.22
0.03
0.12

0.89
0.22
0.12
0.41

0.10
0.03
0.00
0.04

Outstanding
80-100
Good
60-79
Acceptable
40-59
Poor
20-39
Manual Process 0-19

Grade

F Manual Process
C Acceptable
F Manual Process
F Manual Process
Grade

F Manual Process
D Poor
F Manual Process
F Manual Process
Grade

A Outstanding
D Poor
F Manual Process
C Acceptable
Grade

F
F
F
F

Manual
Manual
Manual
Manual

0.8 - 1
0.6 - 0.79
0.4 - 0.59
0.2 - 0.39
0 - 0.19

And a graphical representation of the output as radar plots Figure 3.13.

Figure 3.13

Radar plot of the individual scores and capabilities of the platform
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Process
Process
Process
Process

3.3

Scenario 2
For Scenario 2 the same platform is created with the help of some “assets”: Smart

Objects (SO), Smart Configurable Processes (SCP), and a better use of the capabilities of
the 3DCAD tool for TDD.
3.3.1

Smart Objects
Smart objects are CAD configurable artifacts (i.e. Parts, or Assemblies) that

represent components, and are fundamentally User-Defined Features (UDFs) that are
engineered strategically for being common to many final components. UDFs are
collections of features defined by the designers that can be encapsulated in an object and
reused systematically; most of the parametric 3D CAD tools in the market offer this
capability.
Out from the work done in the company on many platforms, some identified SOs
that can be useful for the platform of the case are:
•

A generic Box (SO01)

•

A generic Empty Assembly (SO02)

•

A generic wall (Part) (SO03)

•

Generic Reinforce or Beam (SO04)

•

Generic Pipe (SO05)

A Generic Box (SO01) is a template part that contains a box that can be
configured in different ways for the base Coordinate System (CS) can be located in any
corner of the box which can also be oriented in different manners by adjusting some
common parameters (Figure 3.14)
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Figure 3.14

Generic Box

A Generic Empty Assembly (SO02) is simply a template empty assembly
component that is inherited from a set of standard templates that contain
the basic common configuration all parts should have with the standards
of the company for 3DCAD files (Parameters, Units, Viewpoints,
localization parameters, etc.)
A generic wall (Part) (SO03) is a UDF that can be inserted in any part by
selecting 4 straight lines which will be the reference for fully defining the
part. The description of the UDF follows in the next section.
Generic Reinforce or Beam (SO04) is a configurable part that can be inserted in
an assembly (with a CS or using the geometric information) and controlled
by some parameters.
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Generic Pipe (SO05) is one of the components that are created as standard part in
libraries of accessories, is a part with a “family table” that has the shape
and information of this type of components that are standardized for the
company.
3.3.1.1

UDFs for creating the tank
The UDFs to be created are:
•

A Box based in 4 reference lines (UDF01)

•

A Flange (Based in 4 reference lines) (UDF02)

•

CS in the extreme of a line (UDF03)

•

Create a CS on a surface and referenced to a base CS (UDF04)

•

Hole creation on a part with CS as reference (UDF05)

UDF01 Box based in 4 reference lines: The user select 4 straight lines (Can be
sketched lines or edges of surfaces), beginning from the line in the top,
then the line at right, the line at the bottom, and finally the line at left. The
UDF will locate the midpoint of each line, and insert the UDF box
referenced on those 4 midpoints. Some standard variables control different
aspects of this UDF like distance to the ends and thickness (Figure 3.15).
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Figure 3.15

Box based in 4 reference lines

UDF02 A Flange (Based on 4 reference lines): This UDF is similar to UDF01
but the features include also a hole in the body of the box that is controlled
with the help of some variables (Figure 3.16).

Figure 3.16

Flange based in 4 reference lines
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UDF03 CS in the extreme of a line: This UDF receives a line and a surface as
references and locates a CS in the distance 0 of the line, the X axis
corresponds to the direction of the line and the Z axis is perpendicular to
the selected surface (Figure 3.17).

Figure 3.17

Coordinate System inserted in the extreme of a line and perpendicular to a
datum surface or plane

UDF04 CS created on a surface with reference to a base CS: This UDF
receives a base UDF as reference and 2 dimensions and insert a new CS
referenced to the base CS and at the distance indicated by the dimensions
(Figure 3.18).
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Figure 3.18

Coordinate System inserted on a surface and referenced to a base
Coordinate System.

UDF05 Hole on a CS: This UDF creates a circular hole centered in a CS (given
reference) on the surface of a box, the depth is equal to the thickness of the
part (Figure 3.19).

Figure 3.19

Hole inserted in a Coordinate System
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3.3.2

Smart Configurable Processes
Smart Configurable processes (SCP) will allow to easily configure the SO, and

when using them (SCPs), processes are repeated again and again by following the same
steps so can be automated easily (Quintero, 2014). For this example, the SCPs that will
facilitate the creation of platforms like the Tank of the subject and similar platforms
(which is the ultimate purpose) are:


Insertion of New Assembly on CS (SCP01)



Insertion of New Part Creating a CS (SCP02)



Insertion of a Generic Wall (SCP03)



Creation of variables in a notebook and connecting to Part Variables (SCP04)



Parameters Update from file (SCP05)

Process 01: Insertion of New Assembly on CS (SCP01): This process will
create automatically a new empty assembly; can be treated as a function
that receives a CS and a “Name” as inputs and then inserts a new assembly
based on the predefined template and with the Name supplied in the input;
It inserts the Assembly by mating the 2 CSs, the one given in the input
with the default of the Assembly.
Process 02: Insertion of New Part on CS (SCP02): Similar to SCP01 but
creates a Part (not an assembly) on the CS given in the input.
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Process 03: Insertion of a Generic Wall (SCP03): This is a longer procedure
that shows the benefits of the automation and the possibilities of the
UDFs. The process receives the name of the part and the name of the UDF
as inputs, and executes these steps one after the other:
•

The system asks the user for selecting a surface and a line.

•

Insert UDF03.

•

Inserts the UDF specified in the input (i.e. UDF01).

•

Inserts SCP02 in the assembly with the name given in the input.

•

Activate the newly inserted part

•

Asks the user for selecting 4 lines and inserts UDF01

•

Deactivate the part, granting the control back to the assembly.

Process 04: Creation of variables in a notebook and connecting to Part
Variables (SCP04):The process connects the part with the reference
notebook, in second step reads all variables in the part (that are designated
to be controlled), verifies if the variable is already created in the notebook,
if not creates it in the notebook and relate them.
Process 05: Parameters Update from file (SCP05): This process begins by
reading a TXT File line by line, on each line there should be a variable and
its corresponding value, the process reads the name of the variable,
verifies if it exists in the notebook, if does not, it creates the variable, then
the process updates de value of the variable in the notebook, and the
process is repeated until the final line in the TXT file. This procedure is
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great for updating many variables in the platform from a calculation tool
(i.e. an excel sheet).
With the help of the SO and SCPs defined before, the table for the TDD-PVM is
filled by using the assets (SO and SCP) if there is one available as is shown in Figure
3.20. Criteria is shown below

Figure 3.20

3.3.3
3.3.3.1

Assets used for the platform creation (TDD-PVM), Objects and Processes
and reuse level

The metrics for Scenario 2
Solution Space Development related Metrics
Complexity-Impact Related Score CIRS; according equation 1.1:
CIRS=(((3+2+3+3+4)/(5*4)+(4+4+4+4)/(4*4))/2)*B
B=((((18-2)/18)+ (((17+7+15+2)-(0+1+0+0))/(17+7+15+2)))/2
CIRS=0.82
Completion Supported for SO CSSO; according equation 1.4, as follows:
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CSSO= (18-2)/18
CSSO=0.888
Completion Supported for SCP CSSCP; according equation 1.5, as follows:
CSSCP=((17+7+15+2)-(0+1+0+0))/(17+7+15+2)
CSSCP=0.9756
3.3.3.2

Robust Process Design related metrics
TDD Quality and Integrity TDDQI; according equation 1.6:
TDDQI=((3+4+4+3)/(4*4)+(4+4+4+3+3)/(5*4))/2
TDDQI=0.8875
Automation Index for SO AISO; according equation 1.9:
AISO=(122-2)/(18*9)
AISO=0.7407
Total Constant Commonality Index for SO TCCISO; according equation 1.10:
TCCISO=1-(8-1)/((1+1+1+4+5+4+1+1)-1)
TCCISO=0.58823

3.3.3.3

Configuration of Assets related Metrics
Central-Control Quality CCQ; according equation 1.11:
CCQ=(1-(2/18))*(18/(9*2))
CCQ=0.89
Automation Index for SCP AISCP; according equation 1.12:
AISCP=((147+49+90+18)-(0+1+0+0))/((17+7+15+2)*9)
AISCP=0.821
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Total Constant Commonality Index for SCP TCCISCP; according eq. 1.13:
TCCISCP=1-((4+2+1+1)-1)/((17+7+15+2)-1)
TCCISCP=0.825
The next table (Table 2) summarizes the results obtained with the approach used
in Scenario 2. Organization weighs equally all metrics.
Table 3.2

Consolidated table for Scenario2

Platform-Creation Assessment tool

Capability Assesment Tool Summary Sheet
Overall Multi-Criteria Capabilities Assessment

Capabilities Scorecard (1+2+3)
A Solution Space Development SSD
B Robust Process Design RPD
C Configuraton CN

1- SSD Problem Space
1 Complexity-Impact Related Score CIRS
2 Completion Supported (SO)
3 Completion Supported (SCP)

2- RPD Model - Assets
4 TDD Quality and Integrity TDDQI
5 Automation Index (Smart Objects)
6 Total Constant Commonality Index (Smart Objects)

3- CN Configuration Assets
7 Central Control Quality
8 Automation Index (Smart Configurable Processes)
9 Total Constant Commonality Index (SCP)

Score

0.824

Grade
A Outstanding

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

Weight for
Organization

Percentage
Organization
Focus

Weighted
Contribution

Score

9
9
9
27

9
9
9
27

9
9
9
27

9
9
9
27

33%
33%
33%
100%

33%
33%
33%
67%

33%
33%
33%
100%

33%
33%
33%
100%

Grades

A
B
C
D
F

0.30
0.24
0.28
TOTAL

0.27
0.30
0.33
TOTAL

0.29
0.25
0.20
TOTAL

0.30
0.27
0.28
TOTAL

0.89
0.73
0.85
0.82

0.82
0.89
0.98
0.89

0.88
0.74
0.59
0.73

0.89
0.82
0.83
0.85

Outstanding
80-100
Good
60-79
Acceptable
40-59
Poor
20-39
Manual Process 0-19

Grade

A
B
A
A

Outstanding
Good
Outstanding
Outstanding

Grade

A
A
A
A

Outstanding
Outstanding
Outstanding
Outstanding

Grade

A Outstanding
B Good
C Acceptable
B Good
Grade

A
A
A
A

Outstanding
Outstanding
Outstanding
Outstanding

0.8 - 1
0.6 - 0.79
0.4 - 0.59
0.2 - 0.39
0 - 0.19

And a graphical representation of the output as radar plots (Figure 3.21)
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Figure 3.21

3.4

Radar Plot of individual scores and capabilities for Scenario 2

Comparison of the results in both scenarios
The results of both scenarios are shown in the table 3 below. The combined score

of the first scenario is 0.189 which corresponds to a manual process for the creation of
the platform; scores are low in all 3 capabilities, 0.12 for SSD, 0.4 for RPD, and 0.04 for
Configuration processes. Most of the components should be created manually, and this
induce variability to the process (i.e. each designer creates components with a different
style, and a different approach), design times are long and uncertain because are
dependent on the skills of the designers for creating parts and assemblies. Processes for
configuring the components have also a low score of 0.04; this fact leads to error prone
and long times, as well as high variability linked to the multiplicity of approaches for
configuration. Reuse of components and processes is reduced and automation is difficult.
On the other hand for scenario 2 the combined score of all three capabilities is
0.824 and is graded as “Outstanding”. This approach is based on the creation of smart
objects and smart processes that are reused systematically augmenting the capability of
the organization for creating and configuring the components. This approach allows for
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the standardization and simplification of approaches to design by the users, commonality,
and great variety due to the generic ability of the existing assets. Automation from this
type of process is more straightforward and results can be seen in faster creation of
similar platforms, with great quality.
Table 3.3

Comparison of results for both Cases

Platform-Creation Assessment tool for both the cases
Capability Assesment Comparison Summary Sheet
Case 1
Overall Multi-Criteria Capabilities Assessment

Score

Case2
Score

0.190

0.824

Score

Score

Score

Score

2- RPD Model - Assets
4 TDD Quality and Integrity TDDQI
5 Automation Index (Smart Objects)
6 Total Constant Commonality Index (Smart Objects)
Total

Score

Score

3- CN Configuration Assets
7 Central Control Quality
8 Automation Index (Smart Configurable Processes)
9 Total Constant Commonality Index (SCP)
Total

Score

Score

Capabilities Scorecard (1+2+3)
A Solution Space Development SSD
B Robust Process Design RPD
C Configuraton CN

Total

1- SSD Problem Space
1 Complexity-Impact Related Score CIRS
2 Completion Supported (SO)
3 Completion Supported (SCP)

Total

0.12
0.41
0.04
0.19

0.11
0.22
0.03
0.12

0.89
0.22
0.12
0.41

0.10
0.03
0.00
0.04

0.89
0.73
0.85
0.82

0.82
0.89
0.98
0.89

0.88
0.74
0.59
0.73

0.89
0.82
0.83
0.85

Results show a clear advantage for the scenario 2, the comparison of both
scenarios can be seen more clearly when plotting the results of both the scenarios in radar
graphic (Figure 3.22)
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Figure 3.22

3.5

Radar plot for the 2 scenarios

Conclusions of the case study
This case presented the measurement of two different approaches for making a

3DCAD platform for the creation of metallic welded tanks by using the proposed
framework that includes a process description and a set of metrics related to process
capabilities. Two scenarios were tested, the first one is based on a pure manual approach
and the second takes advantage of the use of SO and SCP. The objective was to evaluate
the effectiveness of the framework and offer some information about the capability for
creating a platform.
A description of the platform for creating tanks was done, and the scope of the
development explained. For scenario 1 the components were explained as well as the
metrics collected and described, a summary with the scores of the metrics and the
capabilities was presented also. For Scenario 2, an explanation of the UDFs, SO, and SCP
that were to be used for building the platform was done. Framework’s metrics were
evaluated for scenario 2 and the summary with the capabilities was also presented. The
comparison of both scenarios was done and the metrics compared graphically were the
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presence of SO and SCP showed the better scores of scenario 2. This comparison shows
also the advantages of complying with the process described by the framework.
The framework as used in this case was tested with success and offers a clear
vision of the capability of both approaches. Future work may include the search of
methods that could increase the indexes that may be linked to a better performance of
organizations. The framework can be used as a tool for assessing current performance
and plan future desired-status of the organizations that create 3DCAD platforms for the
creation of ETO products.
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CHAPTER IV
CONCLUSIONS AND FUTURE RESEARCH
The focus of this research is the measurement and assessing of the capabilities of
an organization for making 3DCAD platforms for ETO products. Three research fields
were identified for this purpose: 3DCAD, PLE, and ETO. In order to find the metrics and
a clear description of the steps that comprise this process, a research of literature was
done; after a filtering process, around 40 articles and books were classified in order to
find those metrics and descriptions for the 3 research fields; and particularly aiming to
find metrics and descriptions in the intersection of the 3 fields. Just one article mentions
the process-description that includes the 3 research fields, and no one mentioned metrics
for the integrated development of products under the 3 approaches or research fields. An
article was prepared with the literature review process as described here with the
objective of publication in a journal (the article is presented in an appendix).
The objective of the research proposes a framework that contains the appropriate
elements for measuring and assessing the capabilities of the organizations facing the
construction of 3DCAD platforms for ETO products. The framework have two main
components, the first one is a clear description of the steps involved in the creation of
3DCAD platforms for ETO products (the identification of these steps and components is
important because is to them that the metrics will be applied), and the second one is the
collection of metrics and its classification for assessing the desired performance.
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The description of the steps of the process lead to the identification of some
objects and processes that were collected from literature and software practices. These
objects and processes were described and classified and their interaction explained and
arranged in the framework in different representative views of the processes descriptions
and components of the framework.
Metrics also were explored in literature, adapted and classified in the framework.
Selected metrics were explained, the formula described and the general consolidated
assessment presented in a practical table that allows the ultimate purpose of the research
that is to quantify, measure, and assess the performance of the organizations making
3DCAD platforms for ETO products.
In order to validate and demonstrate the use of the framework a case-study was
conducted for evaluating a real platform developed by an established company in 2
scenarios. In the first scenario the framework was applied for measuring a simplified
working version of the platform (despite the platform is already done, the framework can
be used to evaluate existing platforms, this is, evaluation at platform level); the
information was obtained from the product architecture and the metrics calculated, as
well the overall assessment obtained, summarized and graphically plotted. In the second
scenario, the same platform was developed based on the use of some Smart Objects, and
Smart Configurable Processes; the architecture of the product was populated with the
new assets, and the metrics applied to the platform, as well as the overall performance
metric obtained and plotted. The second scenario demonstrated a superior performance
over the first one; the metrics showed a clear advantage for the second scenario due to the
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reuse of the assets for the creation of different components of the platform; and the
comparison was also presented graphically for comparison.
4.1

Research findings and contribution
The first finding of the research lays in the lack of metrics for the creation of the

3DCAD Platforms for ETO products, and this became the motivator for the creation of
the framework proposed in this thesis. The reason for the existence of this gap is not clear
but initially could be attributed to the relatively new existence of these research fields
(Simpson, Siddique, & Jiao, 2006), and the even newer integration of them.
The component pieces suggested in the hypothesis were described and these are
also important findings of the research; these pieces included a complete description of
the process to be measured (pieces 1 and 2), and this was developed in section 2.1 of the
present document. The third piece was covered by a complete set of metrics and an
appropriate classification that describes the performance of the organizations that create
3DCAD platforms for ETO products (section 2.2 of this document). The final piece
required a practical tool for applying the framework and that was achieved with the
presentation of the summary table for metrics (Table 2.3) and the radar plots (Figure
2.10)
Another important finding of the research is the positive effect of the proposed
assets (Smart Objects and Smart Configurable Processes) on the performance of the
organizations that create 3DCAD platforms for ETO products, as was demonstrated in
the case-study (Chapter 3).
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The contribution of this research is a novel framework that encapsulates a
common scalable process with a set of metrics for assessing the capability of an
organization for creating 3DCAD platforms for ETO products.
4.2

Future research
The framework has proven to be useful for the creation of 3DCAD platforms for

ETO products, as demonstrated in the case-study (Chapter 3), but the framework should
be tested in many different ETO products and industries for establishing an improved
usefulness and identifying its limitations. One additional aspect that can be also
investigated includes the creation of guidelines for applying the weights given by the
organization to each metric. The final score integrates all research fields, but it is
important to explore (in future research) the application of metrics to family and assets in
the way PLE does for product families.
Another necessary future research-effort is the creation of tools for implementing
the framework practically and with agility in problems of different sizes and
characteristics. The collection of the components scores for the example demonstrated in
the case of this research was done by using MS Excel, but for larger problems (like
conventional ETO products that have thousands and tens-of-thousands of components)
this tool (Excel) is clearly impractical.
Establishing new methods for improving the indexes given by the framework
(design for 3DCAD Automation) is also a subject for future research as well as its effect
and integration with methods (i.e. Artificial Intelligence) for increasing efficiency of
organizations that make 3DCAD platforms for ETO products.
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